Models for the Study of Intramolecular Interactions: Preparation, Structure and Reactivity of 2-(2\u27-Acyloxyphenylethynyl)benzoic Acids. by Oliver, Michael Allen
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1986
Models for the Study of Intramolecular
Interactions: Preparation, Structure and Reactivity
of 2-(2'-Acyloxyphenylethynyl)benzoic Acids.
Michael Allen Oliver
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Oliver, Michael Allen, "Models for the Study of Intramolecular Interactions: Preparation, Structure and Reactivity of 2-(2'-
Acyloxyphenylethynyl)benzoic Acids." (1986). LSU Historical Dissertations and Theses. 4316.
https://digitalcommons.lsu.edu/gradschool_disstheses/4316
INFORMATION TO USERS
While the m ost advanced technology has been used to 
photograph and reproduce this manuscript, the quality of 
the reproduction is heavily dependent upon the quality of 
the material submitted. For example:
•  Manuscript pages may have indistinct print. In such 
cases, the best available copy has been filmed.
•  M anuscripts may not always be complete. In such 
cases, a note w ill indicate that it is not possible to 
obtain missing pages.
•  Copyrighted material may have been removed from 
the manuscript. In such cases, a note w ill indicate the 
deletion.
Oversize materials (e.g., maps, drawings, and charts) are 
photographed by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in  
equal sections with sm all overlaps. Each oversize page is 
also film ed  as one exposure and is  a v a ila b le , for an  
additional charge, as a standard 35mm slide or as a 17”x 23” 
black and white photographic print.
Most photographs reproduce accep tab ly  on p o sitiv e  
microfilm or microfiche but lack the clarity on xerographic 
copies made from the microfilm. For an additional charge, 
35mm slides of 6”x 9” black and white photographic prints 
are available for any photographs or illustrations that 
cannot be reproduced satisfactorily by xerography.

8710579
O liv e r, M ich ae l A llen
MODELS FOR THE STUDY OF INTRAMOLECULAR INTERACTIONS: 
PREPARATION, STRUCTURE AND REACTIVITY O F 2-(2 ’- 
ACYLOXYPHENYLETHYNYL)BENZOIC ACIDS
The Louisiana State University and Agricultural and  M echanical Col. Ph.D.
University 
Microfilms
International 300 N. Zeeb Road, Ann Arbor, Ml 48106
1986

MODELS FOR THE STUDY OF INTRAMOLECULAR INTERACTIONS 
PREPARATION, STRUCTURE AND REACTIVITY OF 
2- ( 2'-ACYLOXYPHENYLETHYNYL)BENZOIC ACIDS
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
The Department of Chemistry
by
Michael A. Oliver 
B.S., University of South Alabama, 1975 
M.S., Purdue University, 1979 
December 1986
Acknowledgments
This work has been accomplished under the direction 
of Professor Richard D. Gandour, whom I would like to 
thank for his support and guidance.
I would like to thank my parents for encouraging me 
to expand my horizons, and for the help they gave me dur­
ing my formative years.
I would like to thank John Hogan, Bill Colucci, and 
John Nail for their help in proofreading this document and 
for their friendship during my stay at LSU.
Most of all I would like to thank my wife Melinda for 
her patience and understanding. Without her help the task 
of compiling this dissertation would have been impossible.
Table of Contents
Acknowledgments ..........................................  ii
List o£ T a b l e s .............................................viii
List of F i g u r e s .......................................... x
A b s t r a c t ....................................................xiii
Chapter One: Introduction ..............................  1
1. Catalytic Mechanisms of Carboxylate ...........  3
1.1. Nucleophilic catalysis .....................  3
1.2. General-base catalysis .....................  5
1.3. Other catalytic mechanisms....... ............  6
2. Origins of Catalytic Power in Enzymes ..........  7
2. 1 . Propinquity .................................  7
2.2. Orbital steering ............................  8
2.3. Entropy trapping ............................  10
2.4. Catalytic efficiency in intramolecular
r e a c t i o n s ................................... 13
2.5. Spatiotemporal postulate ............  15
2.6. Comparison of h y p o t h e s e s ...................  17
3. The Role of Carboxylate in Intramolecularly
Catalyzed Ester Hydrolysis .....................  18
3.1. The spontaneous hydrolyses of esters • • • 19
3.2. The Brefnsted catalysis l a w ....................21
3.3. Intramolecularly catalyzed hydrolysis • • • 23
iii
3.4. Evidence for intramolecular general-base
catalysis in the hydrolysis of aspirin • • 24
4. Efficiency in Intramolecular Catalysis:
General-Base vs Nucleophilic Mechanisms • • • 37
4.1. The importance of carboxylate orientation
in general-base catalysis ................  38
5. Design of New Models for Intramolecular
General-Base Catalysis .........................  39
5.1. General considerations .....................  39
5.2. Specific m o d e l s ................................. 43
6 . Scope of D i s sertation............................... 46
Chapter Two: Syntheses of Diarylethyne Models . . . .  47
1. Syntheses of Diarylethynes .....................  48
1.1. Elimination methods ..........................  49
1.2. Substitution methods ........................ 49
2. Synthetic Strategy for the Syntheses of the
Diarylethyne Models ............................ 53
3. Results and D i s c u s s i o n .............................56
3.1. Synthesis of methyl
2-(2-methoxyphenylethynyl)benzoate • • • • 56
3.2. Deprotection of methyl
2-(2-methoxyphenylethynyl)benzoate • • • • 58
3.3. Preparation of acetate and dichloroacetate
d e r i v a t i v e s ................................... 60
iv
4. Experimental Section ..............................  62
4.1. General procedures ..........................  62
4.2. Specific compounds ............................ 63
2-Methoxyphenylethyne..................   • 63
Copper(I) 2-Methoxyphenylethynide . . . .  53
Methyl 2 - (2-Methoxyphenylethynyl)benzoate 63
Methyl 2 - (2-Hydroxyphenylethynyl)benzoate 65
2- (2-Hydroxyphenylethynyl)benzoic Acid • • 65
2-(2-Methoxyphenylethynyl)benzoic Acid • • 66
2-(2-Acetoxyphenylethynyl)benzoic Acid • • 67
2-Dichloroacetoxybenzoic Acid .............  67
2- C 2-Dichloroacetoxyphenylethyny1 )- 
benzoic A c i d ................................. 68
Chapter Three: General-Base-Catalyzed Hydrolysis of
2-(2-Dichloroacetoxyphenylethyny1)- 
benzoic A c i d ...............................70
1. Experimental Section .............................. 72
1.1. M a t e r i a l s ........................................ 72
1.2. Kinetic methods and results ..................  72
1.3. Determination of the rate constants for
the different hydrolysis pathways . . . .  75
1.4. Kinetic solvent isotope effect .............  79
1.5. Solvolysis in 50 % aqueous methanol . . . .  81
2. D i s c u s s i o n ...........................................83
3. C o n c l u s i o n s ...........................................90
v
Chapter Four: Structures of 2,2'-Disubstituted
Diarylethynes: Models for an
Evaluation of Directionality in 
Intramolecular Interactions.
Lactonization of 2-Arylethynylbenzoic 
A c i d s ................................. 93
1. Nucleophilic Addition of Carboxylate
to E t h y n e s ....................................94
1.1. Intermolecular addition of carboxylate
to e t h y n e s ............................... 95
1.2. Intramolecular addition of carboxylate
to e t h y n e s ............................... 96
2. Results and D i s c u s s i o n ........................ 101
2.1. L a c t o n i z a t i o n s .......................... 101
2.2. X-ray crystal structures of arylethynyl-
benzoic acids ............................ 107
2-(2-Hydroxyphenylethynyl)benzoic Acid • 110
2 - (2-Methoxyphenylethyny1)benzoic Acid • 111
2 - (2-Acetoxyphenylethynyl)benzoic Acid • 111
2.3. Discussion of X-ray results ..............  112
2.4. Theoretical predictions regarding the
angle of attack on alkynes by
nucleophiles • ■ • •   117
2.5. Comparison of X-ray results with
theoretical predictions ................  118
3. C o n c l u s i o n s ....................................120
vi
4. Experimental Section ............................ 121





Methyl 2 - C4-Methoxyphenylethynyl)benzoate • 122
2-(4-Methoxyphenylethynyl)benzoic acid • • 128
(E)-3- [ (4-Methoxyphenyl)methylene] -1 (3H')-
isobenzofuranone ............................ 127
4.2. Kinetic M e t h o d s ..............................123
Bibliography ............................................  125
Appendix A .............................................. 136















List of Tables 
Effect of a a S* on Relative Rates
at 298 K ...................................  14
Thermodynamic Parameters for Spontaneous 
and Acetate-Catalyzed Ester Hydrolyses • 20
Transition Structure of Aspirin ........... 41
13C NMR Data for D i a r y l e t h y n e s ............ 69
Observed Rate Constants for the
Hydrolysis of 2 6 ............................ 76
Observed Rate Constants for the
Hydrolysis of 2 2 ............................ 77
Derived Rate Constants for the Hydrolyses
of 26 and 2 2 ............................. 79
Kinetic Solvent Isotope Effects in the 
Hydrolyses of 22 and 26 at pH 5.5 • • • 81
KSIE for Hydrolysis Reactions and the 
Number of Waters in the Transition State 86
Precision Required for Proton Inventory 
Experiments for a Reaction with
KSIE = 2 . 7 8 ............................. 88
Comparison of the Salt/Solvent Effect on 
the Hydrolyses of
2-Dichloroacetoxybenzoic Acid and 
2-(2-Dichloroacetoxyphenylethyny1)-
benzoic Acid at pH 5 . 5 ................. 89
Comparison of Ethynyl Bridge in 
Diarylethynes ............................  116
viii
Table 4.2 Distances of Carboxyl Oxygen from the 
Ethynyl Carbons and C =C••-0 Angles in
Arylethynylbenzoic Acids ................  119
Table 4.3 Observed Rate Constants for
Lactonizations at 37 °C in 0.05 M 
Phosphate Buffer at pH 7 . 0 ................124
ix
List of Figures
Figure 1.1 Comparison of the free energy of
activation in an uncatalyzed and a 
nucleophilically catalyzed pathway • • 3
Figure 1.2 Nucleophilically catalyzed hydrolysis of
4—nitropheny1 acetate ..................  4
Figure 1.3 General-base catalyzed hydrolysis of
ethyl dichloroacetate ................... 5
Figure 1.4 Bi-functional catalysis of the muta-
rotation of tetramethylglucose . . . .  5
Figure 1.5 Relative rates of anhydride formation in
succinate and glutarate monoesters • • 8
Figure 1.6 Orientation factors in reactions ■ ■ * - 10
Figure 1.7 pH-rate profile for the hydrolysis
of a s p i r i n ......................... 25
Figure 1.8 Incorporation of 180 into the salicyl
carbonyl via the nucleophilic mechanism 29
Figure 1.9 Hydrolysis of 2-acetoxy-3,5-dinitro-
benzoic acid by
(a) spontaneous hydrolysis of the mixed 
anhydride and
(b) general-base catalyzed hydrolysis of 
the mixed a n h y d r i d e ................ 34
Figure 1.10 Relative concentrations of AnH and An­
as a function of p H ................ 35
x
Figure 1.11 Transition structure for syn proton 
transfer with backbone atoms at
maximum separation .....................  43
Figure 1.12 Possible transition structures for ester
hydrolysis of two carbon bridged diaryls 44
Figure 3. 1 Xmail vs pH profile for 2 4 ............. 74
Figure 3.2 pH-rate profiles for the hydrolyses of
(a) 2- C 2-dichloroacetoxyphenylethynyl)- 
benzoic acid and
(b) 2-dichloroacetoxybenzoic acid • • • 80
Figure 3.3 HPLC analysis of (a) the product from the
solvolysis of 26 in 50/50 v/v 
methanol/50 mM phosphate 
and (b) methyl
2- (hydroxyphenylethynyl)benzoate • • • 82
Figure 3.4 Participation of the (a) syn and
(b) anti lone pairs of carboxylate in the 
intramolecular general-base-catalyzed
h y d r o l y s i s ............................... 85
Figure 3.5 Transition structure for the hydrolysis
involving two water molecules .........  87
Figure 3.6 Internal rotation in 26 due to the ethyne
bridge. This rotation is absent in 22 91
Figure 4.1 pH-rate profiles for the lactonization
of (a) 40 and (b) 4 4 ....................98
xi
Figure 4.2 Comparison of transition structures for 
lactonization (a) five-membered ring,
(b) six-membered r i n g .................... 105
Figure 4.3 Interactions between the carboxylate and 
the ethyne leading to (a) an isobenzo- 
furanone, and (b) a benzopyranone • • • 109
Figure 4.4 ORTEP drawing of
2-(2-hydroxyphenylethynyl)benzoic acid 110
Figure 4.5 ORTEP drawing of
2-(2-methoxyphenylethynyl)benzoic acid 112 
Figure 4.6 (a) ORTEP and (d) Perspective drawings of
2-(2-acetoxyphenylethynyl)benzoic acid 113
Figure 4.7 Angle of nucleophilic attack on ethynes 118
xii
ABSTRACT
The hypothesis concerning orientational effects of 
carboxylate in general-base catalysis is discussed, and 
the first models that allow proton transfer to the syn 
lone-pair of the carboxylate during intramolecular gener—  
al-base catalysis are designed, prepared, and tested. 
These models use a carbon backbone of two aryl groups 
linked by a two carbon bridge.
The syntheses of 2-(2-hydroxyphenylethynyl)benzoic 
acid (24) and derivatives used in these studies are
described. These derivatives were also needed to evaluate
the ethynyl group as the bridge linking the aryls and to 
aid in the design of more complex models.
The hydrolysis of the dichloroacetate ester (26) is 
compared to the hydrolysis of 2-dichloroacetoxybenzoic
acid (22). Ester 22 has been shown to hydrolyze by an 
intramolecular general-base mechanism but is constrained 
by geometry to use the the anti lone-pair of the carboxyl­
ate in the proton transfer step. The hydrolyses differed 
in several respects. The kinetic solvent isotope 
for 26 (2.72) is higher than for 22 (2.17), the rate con­
stant for the solvolysis of 26 in 0.5 mole fraction diox- 
ane is significantly different than the average of the 
rate constants in H z0 and D 20, and the addition of dioxane
slows the rate of hydrolysis of 26. These differences
support a transition state for the hydrolysis of 26 that
involes more "than one water molecule, which is consistent 
with the utilization of the syn lone-pair of the car­
boxylate in the proton transfer step.
The acetate ester (26) of 24 does not hydrolyze 
but cyclizes to 3-[(2-acetoxyphenyl)methylene]-1(3H)-
isobenzofuranone. This reaction was studied with
other derivatives of 24 and the cyclization is 
accelerated by groups that are electron withdrawing
by inductive effects, while resonance effects do
not contribute. X-ray structures for several
2-arylethynylbenzoic acids are examined. In the struc­
tures, the carbonyl oxygen and proximal ethyne carbon are 
closer than the sum of their van der Waals radii. This 
unexpected result limits the usefulness of the diaryleth- 




Enzymes are complex catalytic systems that often 
enhance reaction rates by a factor of 1010 when compared 
to uncatalyzed reactions. In addition, enzymes frequently 
exhibit substrate selectivities that are not observed in 
non-enzymatic reactions. These remarkable feats are pet—  
formed under the mildest of conditions: ambient tempera­
tures in neutral aqueous solutions.
It is little wonder that enzymes have interested 
investigators in many branches of science. Not only is 
the question of how enzymes catalyze reactions fundamental 
to understanding the chemistry of living systems, but the 
knowledge gained from studying enzymes can open new areas 
in designing ultra-efficient synthetic catalysts. It is 
towards these goals that the research described herein is 
directed.
Because enzymes are constructed from the twenty natu­
rally occurring amino acids, enzymes lacking prosthetic 
groups (co-enzymes) have only a few functional groups 
available to catalyze reactions. These functional groups
2
include the carboxylates of aspartic and glutamic acids, 
the imidazole of histidine, which has a p o f  6 .0, 1 the 
hydroxyl groups of tyrosine and serine, and the thiol 
group of cysteine.
-OiC/ v / ^ 0 «  ' O j C > ^ v C o ;  h-/̂ < /s >'co«
n h ; n h ; k = N  n h ;
aspartate glutamate histidine
m r  -nrAh; ho^ \ ^  nh*
serine tyrosine cysteine
Early efforts to understand the fundamental chemistry 
responsible for the functional groups’ catalytic proper—  
ties were summarized by Bruice and Benkovic.2 These stud­
ies focused on reactions between a substrate and a simple 
catalyst such as acetate or imidazole. The results at 
physiological pH indicated that carboxylate and imidazole 
can serve as general bases or nucleophiles, while hydroxyl 
and thiol can act as nucleophiles.
Of particular interest to this dissertation are the 
catalytic properties of carboxylate. Classes of hydro­
lytic enyzmes in which carboxylate is thought to be impoi—  
tant include the acid proteases and the serine proteases. 
In the acid proteases, penicillopepsin3 and pepsin,4 the 
carboxylate is proposed to act as a general base, assist-
3
ing the nucleophilic attack of a water molecule on a cai—  
bonyl carbon. In the serine proteases,5 the carboxylate 
is strongly hydrogen bonded to the imidazole that cata­
lyzes formation and decomposition of the acyl enzyme.
1. Catalytic Mechanisms of Carboxylate 
t.1. Nucleophilic catalysis. In a reaction catalyzed by 
a nucleophile, the catalyst attacks the substrate and dis­
places the nucleofuge^, forming a labile intermediate. 
The labile intermediate reacts rapidly with a second 
nucleophile, producing the product and regenerating the 
catalyst. Thus nucleophilic catalysts accelerate a reac­




Figure 1.1 Comparison of the free energy of activation 
in an uncatalyzed and a nucleophilically catalyzed pathway.
values than the uncatalyzed route (Figure 1.1). This 
class of catalysis is exemplified by the acetate-catalyzed 
hydrolysis6-7 of 4-nitrophenyl acetate (1), shown in Fig­
ure 1.2. Acetate attacks the ester carbonyl in the rate-
+ A leaving group that departs with a pair of electrons.
determining step to give the tetrahedral
intermediate (2), which decomposes to 4-nitrophen- 
oxide (3) and acetic anhydride (4), or reverts to 1 and
O, 0— C—CM,
^w'O-C-CH, R *




-e-cw, R *1 oo
\
3
Figure 1.2 Nucleophilic catalyzed hydrolysis of 
4-nitrophenyl acetate.
acetate. In the fast step of the reaction, 4 hydrolyzes 
to regenerate the acetate catalyst. Gold et al.7 provided 
proof of the intermediacy of 4 by trapping it with ani­
line. They concluded that approximately 70% of acetate- 
catalyzed hydrolysis of 1 occurs through the nucleophilic 
pathway.
Partitioning of tetrahedral intermediates (e.g. 2) 
between ester and anhydride is a function of the basicity 
of the nucleofuge. Because acetate is a better nucleofuge 
than an alkoxide, it is not capable of displacing the more 
basic alkoxide from an alkyl ester. Therefore, a diffei—  
ent mode of catalysis, general-base, is observed when a 
leaving group has a pATa at least three units larger than 
acetate.
1.2. Genera’-base catalysis. In a genera 1-base-cata­
lyzed reaction, the catalyst accepts a proton from the 
nucleophile attacking the substrate. This mechanism is
represented in Figure 1.3 by the acetate-catalyzed hydro­
lysis of ethyl dichloroacetate (5). Catalyst efficency in 
this mechanism is determined by the p o f  the conjugate 
acid.+ Imidazole and phosphate dianion, which are of 
equal pK&, are almost equally effective8 as catalysts in 
the general-base-catalyzed hydrolysis of 5. However imi­
dazole is 4,000 times more effective8 than phosphate dian­
ion in the nucleophilically catalyzed hydrolysis of 1. 
Both of these catalytic mechanisms for carboxylate are 
discussed below in more detail.
O ? °
CHC^ _ OEt _  CHCljC — OEt *






Figure 1.3 General-base-catalyzed hydrolysis of 
ethyl dichloroacetate.
t See section 3 of this chapter.
6
1.3. Other catalytic mechanisms. Additional modes of 
catalysis by simple molecules have been identified. Gen­
eral acids catalyze reactions by donating a proton to the 
substrate or nucleofuge. A combination of general-acid 
and general-base catalysis is known as bi-functional 
catalysis.11 Phenol or pyridine show little catalytic 
activity in the mutarotation of tetramethylglucose in ben­
zene; however, a mixture of the two is an efficient cata­
lyst.9 Molecules that can serve as both acids and bases 
are even more efficient catalysts (Figure 1.4). Although 
2-hydroxypyridine is a weaker acid by 10z than phenol and 
a weaker base by 10ft than pyridine, the rate of mutarota­
tion with this catalyst is 7,000 times faster than with 
equal concentrations of phenol and pyridine.10 Catalysis 
by carboxylic acids results in still faster rates.10




.O H~0— C O -m --_ 0=C’*-c' I ^  \  R = Ph. 3.82
O - H  %  H-O.
x  R = CC13, 27.0
Figure 1.4 Bi—functional catalysis of the mutarotation 
of tetramethylglucose.
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2. Origins of Catalytic Power in Enzymes
Although simple molecules containing functional 
groups found on amino acids side chains catalyze reac­
tions, the rate accelerations are much less than for simi­
lar enzyme-catalyzed reactions.
Many suggestions have been forwarded to explain the 
extremely efficient catalytic properties of enzymes. In 
general, these arguments have dealt with decreasing the 
activation entropy by restricting the relative motions of 
the reacting species to the reaction pathway. This con­
cept has been hotly debated for almost two decades.12-13 
The question has not been whether restricting the motions 
of reacting species increases reaction rates, but rather 
(a) how much these motions must be restricted and (b) how 
much is the rate enhanced by limiting particular move­
ments. A summary of the major theories follows.
2 . 1. Propinquity. One of the first efforts to quantify 
the rate enhancement that could be achieved by holding 
reacting centers in close proximity was made by Bruice and 
co-workers.12 They observed that succinate monoesters form 
anhydrides 230 times faster than their glutarate analogs, 
and that the rate of anhydride formation of ^-substituted 
glutarate monoesters increases with increasing substitu­
tion (Figure 1.5). Bruice and co-workers explained that 
the increased reaction rates for succinate monoesters are 
due to their closer reacting centers and that the sub­
stitution of glutarates increases the polpulation of con-
formations in which the ester 'is closer to the nucleo- 
philic carboxylats. The hypothesis that reaction rates 
increase when the reacting moieties are held in close 
proximity war lri--'.od: "Propinquity-the common sense phe­
nomenon” .
J L r  A c
ii"°Ar 1 V
OAr 230




i , \ _ c _ o * r 2 0  S 3 . 0 0 0
Figure 1.5. Relative rates of anhydride formation in 
succinate and glutarate monoesters.
2.2. Orbital steering. Koshland,14 using a theoretical 
argument, arrived at a different value for the proximity 
effect. He argued that if molecules A and B are approxi­
mately the same size as a water molecule and can react 
with any of n nearest neighbor molecules, then A has an 
77B/55 probability of being juxtaposed to a molecule of B. 
Therefore, the maximum expected rate increase that would 
be achieved by holding A and B in close proximity is 55/n. 
However, because intramolecular rates are often 10s to 10s 
times faster than their bimolecular counterparts, another 
explanation was necessary to account for rate increases of 
this magnitude.
9
Koshland and Storm15 observed "that small differences 
in the geometry of the reacting groups in an intramolecu­
lar reaction lead to large differences in reaction rates. 
They attributed the rate increases to better orientations 
of the reacting orbitals. These orbitals must be pre­
cisely aligned to achieve maximum rates.
To account for the large proximity effect, Koshland 
and Storm1s stated that each molecule has an orientational 
preference and can react at only a fraction-!- \/q Qf its 
solid surface (Figure 1.6). The reciprocal of this frac­
tion represents the rate enhancement that would be gained 
by aligning the orbitals. Therefore, if A has an orienta­
tional preference, i.e. 0 > 1, the rate enhancement due to 
proximity and orientation effects would be (55/ri)©fl. If 
both A and B have preferences, then the rate enhancement 
would be (55/n)©a©b .
Koshland's "Orbital Steering Hypothesis" has been 
highly controversial.17 Bruice et a l .16 rejected this 
argument because the reaction window, 2a, would have to be 
only 0 .1° in order to account for a rate enhancement of 
10®. For an molecule with a van der Waals (vdW) radius of 
2.5 A, this would be a 0.01 A window. They pointed out
t If the reacting surface of the molecule is taken to be 
a circle of radius r and R is the radius of the molecule 
then:
1/© = 7rr2/47rEz 





Figure 1.6 Orientation factors in reactions.
that at room temperature thermal agitation provides 
vibrational bending amplitudes of five to ten degrees. 
They argued that in the transition state the amplitude 
should be even higher because the lone-pair electrons 
occupy large diffuse clam-shaped orbitals and become more 
localized only as the bond forms. However, Bruice's argu­
ment only considered one reacting atom; a factor of 104 
requires the combination of two 10° windows.18
2.3. Entropy trapping. Jencks19 thought that Koshland’s 
argument was not necessary to explain rate enhancements. 
Although he was originally a proponent of Koshland's 
theory that a rate enhancement of 55 was the maximum 
expected from the proximity effect, Jencks later changed 
his position after he and Page20 made a theoretical study 
of the contribution of entropic effects to rate accelera­
tions. Jencks' argument is as follows:21
Every molecule has the freedom to move in -three 
dimensions. For a molecule in -the standard state of 1 M 
in the gas phase, this freedom (the translational entropy) 
is equivalent to 30 entropy units (eu). Because the 
translational entropy is only slightly affected by molecu­
lar size, the transition structure will have approximately 
the same translational entropy as each of the reactants. 
The activation entropy is the transition structure enti—  
opy minus the sum of the reactant enropies. Thus for a 
bimolecular reaction in the gas phase, the loss in trans­
lational entropy in reaching the transition structure will 
contribute about 30 eu to the overall entropy of activa­
tion .
translation rotation
In addition to translational freedom, a nonlinear 
molecule has rotational freedom about three axes. In the 
gas phase, the rotational entropy about these axes is 
about 7 eu per axis, for a total of about 20 eu. Before a 
bond or a transition structure can form between two mol­
ecules, the relative motion about the three axes must 
stop. The product or transition structure will also have 
a value of ca. 20 eu for its rotational entropy. There­
12
fore, for a bimolecular reaction in the gas phase, the 
contribution from the loss of rotational freedom contrib­
utes ca. 20 eu to the activation entropy. A rotation 
does not need to be completely frozen to realize the 
entropy effect. Restricting a rotation to 30°, which cor—  
responds to a vibrational frequency of 300 cm-1, reduces 
the rotational entropy of 7 eu by 80%.
The loss of translational or rotational entropy upon 
bringing the reactants together is partially compensated 
by the internal entropy of the transition structure. For 
a tight transition structure (i.e. where the reactants are 
held closely together with no free internal rotations or 
low frequency vibrations), the internal entropy of the 
transition structure is slight or even negative when com­
pared to that of the reactants. However, Jencks believes 
that the transition structure is more likely to be loose 
with more internal freedom than the reactants.
In his theoretical argument, Jencks allowed an 
increased internal entropy of 10 eu in the transition 
structure by using an internal entropy of 5 eu for each 
reactant and 20 eu for the transition structure. The 
total entropy decrease in reaching the transition struc­
ture of a bimolecular reaction in the gas phase is then: 
-20 - 30 + 10 = —40 eu. Correction for the solution
entropy was accomplished by assuming the transition stru- 
ture would have a higher boiling point than the reactants.
13
Values for the solution entropy of 10 eu were used for 
each reactant and 15 eu for the transition structure, giv­
ing a 5 eu correction for the reaction in a 1 M solution. 
Thus, a decrease of 35 eu can be expected in reaching the 
transition structure in a 1 M bimolecular reaction.
When an enzyme binds the components of a bimolecular 
reaction, the relative translational and rotational 
motions of the reactants are stopped, resulting in a lower 
entropy barrier for the reaction. The energy required to 
decrease the barrier is supplied by the binding forces of 
the enzyme-substrate complex. As shown in Table 1.1, a 
decrease of 35 eu in the entropy of activation would 
result in an increase of about 10s in the relative rate. 
Jencks argued that entropy trapping is sufficient to 
explain the efficiency of enzymatic reactions, and other 
postulates, such as Koshland's "Orbital Steering Hypothe­
sis” , are not necessary.
2.4. Catalytic efficiency in intramolecular reactions.
The chemistry of the enzyme-substrate complex can be mod­
eled with intramolecular reactions. In these models, the 
loss of relative translational motion of the reacting 
species accelerates the reaction relative to the bimolecu­
lar reaction. By properly designing the models, the sen­
sitivity of reaction rates to internal rotations and to 
the orientations of the reacting species can be measured.
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Table 1.1. Effect of a a S* on Relative Rates at 298 K.
AAS* a a G* Relative
(eu) kcal mol-1 Rate
3 0.9 5
5 1 .5 1 X 101
7 2 3 X 101
10 3 2 X 102
20 6 3 X 10“
30 9 4 X 106
35 10.5 5 X 107
40 12 6 X 10e
In order to evaluate the geometric and entropic 
requirements of catalytic mechanisms and to relate these 
results to the enhanced rates seen in intramolecular reac­
tions, a measurement of the magnitude of the intramolecu­
lar effect was needed. Kirby provided a criterion for 
this measurement with his concept of "effective molar—  
ity"2 2 (EM).
EM is defined as the rate constant for the intramo­
lecular reaction divided by the rate constant of a mechan­
istically similar intermolecular reaction (eq 1). EM,
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EM — kintra^-kinter (1)
sec-‘/sec-‘M - 1 = M (2)
having the units of concentration (eq 2 ), gives the appai—  
ent concentration of the catalytic functional group, and 
therefore, gives a measure of efficiency in the catalytic 
process. An examination of a recent compilation2z of EM 
values reveals that they can range from 0.3 M to > 10‘° M.
2.5. The spatiotemporal postulate. The large range in 
EM values led Menger13 to reevaluate the earlier analyses 
by Page and Jencks20 and by Koshland and co-work- 
ers.'*•1S'18 Certain aspects of the analysis by Page and 
Jencks20 disturbed Menger.13 If the entropy effect is so 
critical, why are intramolecular reactions often so slow? 
Some intramolecular reactions have E M 's less than unity. 
Jencks and Page offered two explanations for the low reac­
tion rates.20 They stated that transition structures are 
often "loose”; that is, a high degree of residual entropy 
remains in the form of low frequency vibrations. The 
"loose" transition structure reduces the efficiency of an 
intramolecular reaction compared to it’s intermolecular 
counterpart. Menger's argument13 was that the transition 
state would be "loose” for both the intra- and intei— mo­
lecular reactions. Because EM was a comparison between 
the two, the residual entropy effects should cancel.
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Jencks' second explanation dealt with solvent effects, 
which are no doubt critical, but Menger thought his rea­
soning was vague.
The second problem Menger found with Page and Jencks' 
analysis was the contention that freezing a single rota­
tion would only lead to a rate enhancement of five; they 
cited many reactions where larger increases were known. 
For example, the increase in the rate of lactonization due
to the frozen rotation in 8 , as compared to 7, was 10A . 
He argued that the entropy effect theory is further under—  
mined by the fact that entropies of activation exhibit no 
relationship to EM values.
Menger13 labeled his solution to the problem of 
intramolecularity: "The Spatiotemporal Postulate” . The
postulate stated that the rate of reaction between groups 
A and B is proportional to the time that A and B reside 
within a critical distance. To support his position, evi­
dence was presented that intramolecular rates are more 
sensitive to atomic distance than to orbital alignment. 
Menger emphasized that the results are not surprising 
because it is easier to bend than stretch a bond.
7 8
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2.6. Comparison of hypotheses. Although other proposals 
have been presented to account for the catalytic effi­
ciency of enzymes, it may be argued that these theories 
are similar to those discussed above. For example, Mil- 
stien and Cohens’ 23 "Stereopopulation Control" hypothesis 
resembles Bruice and co-workers' "Rotamer Distribu­
tion" . 1 2 a
There are also similarities in the views presented 
above. Jencks21 criticized Storm and Koshland’s 15 "Orbi­
tal Steering Hypothesis"; however, he acknowledged that 
reacting molecules have orientational requirements by 
stating that rotational freedom must be reduced in order 
to optimize reaction rates.
Menger’s "Spatiotemporal Postulate"13 was not 
entirely new. Bruice12b stated - twenty years earlier that 
reaction rates increase with increasing populations of 
rotamers in which the reacting centers are closer 
together. He also stated that bonds forming in transition 
structures were likely to have high bending amplitudes,16 
and therefore precise orbital alignment was not necessary. 
Nevertheless, Menger did quantify the idea and present it 
more clearly.
The key to understanding the origin of the catalytic 
nature of enzymes lies in the controlled study of the geo­
metric and temporal requirements for reactions. These are 
obviously not the same for every reaction type, and there­
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fore "the ’’catalytic mechanism” of enzymes may vary. It 
may therefore be difficult to define a simple theory to 
explain the rate enhancements of all enzymes. Intramolec­
ular models remain one of the most useful tools available 
to the physical organic chemist for the task of elucidat­
ing geometric and entropic factors of reactions. The goal 
of our work is to develop new intramolecular models to 
test these theories. In particular, we are interested in 
carboxylate catalysis, and therefore a review of this 
topic is presented below.
3. The Role of Carboxylate in Intramolecularly Catalyzed 
Ester Hydrolysis
An area in which intramolecular models have been used 
extensively is carboxylate-catalyzed ester hydrolysis. As 
discussed in Section 1, carboxylate catalyzes ester 
hydrolysis by two mechanisms at physiological pH. In the 
nucleophilic mechanism (Figure 1.2), the carboxylate 
attacks the ester carbonyl, displacing the nucleofuge to 
give an intermediate anhydride. In a general-base-cata- 
lyzed hydrolysis (Figure 1.3), the carboxylate acts as a 
base to facilitate water attack on the ester carbonyl. 
Before discussing the origin of the catalytic nature of 
the carboxylate group, an insight into spontaneous ester 
hydrolysis is necessary.
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3.1. The spontaneous hydrolyses of esters. Although 
catalyzed hydrolyses of esters have been studied in great 
detail, the spontaneous reaction has received much less 
attention. Due to the low hydrolytic rates of unactivated 
esters, little thermodynamic and kinetic data are avail­
able on these compounds. For example, ethyl acetate has a 
half-life in pure water of 90 years at 25 °C.29 There­
fore, the most comprehensive studies are with the acti­
vated esters, the trifluoro— and trichloro-acetates.
One interesting aspect of the spontaneous reaction of 
esters is the inverse relationship between the temperature 
and the entropy of activation. Entries 1-4 in Table 1.2 
show that AS* decreases by 21 eu when the temperature is 
increased from 4 to 100 °C. If a co-solvent such as ace­
tone is used, then AS* approaches the high temperature 
value for hydrolysis in pure water. The reason for the 
increase in the entropy requirements at high temperatures 
and in mixed solvents is that the spontaneous reaction is 
actually "water catalyzed” .19 As shown in eq 3, a second 
water molecule acts as a general base to facilitate the 
attack of water on the ester carbonyl. The structure of 
water is more highly ordered at low temperatures where 
decreased thermal motions are less disruptive on the rela­
tively weak hydrogen bonds. Because the structure of water 
is more ordered, the entropy requirements in reaching a 
transition state containing water oligomers are less
20








1. CF 3 CO 2 Et 277 11.2 -32.2b S
2 . 298 9.5 -38.8 b S
3. 323 7.8 -43.3b s
4. 373 4.5 -53.1b s
5. CF3C02Et 10.2 -34.5 C s
6 . CF3C02iPr 10.5 -37.1c s
7. 9.8 -51.7“ s
8 . CF3C02Ph 6.9 -45.9=* s
9. CCl3C02Et -42.7e -f s
10. -44®.s s
1 1 . -47.6 e’h s
12. CH3C02Ph 16.6 -31.2 1 GB
13. CH3C02PhCH3 -32. 0-i GB
14. CH3C02PhN02 — 1 6 J Nu
15. —39 J GB
a. S = spontaneous reaction, GB = general-base catalysis, 
Nu = nucleophilic catalysis
b. Thermodynamic parameters at constant temperature.24
c. Calculated from data obtained at 4.98, 9.96, and 
14.95 °C.24
d. Calculated from data obtained at 25, 35, and 45 °C 
in 70.7% aqueous acetone.25
e. Calculated from data obtained at 10 temperatures 
between and 10 and 50 °C.28
f. For 25 °C.
g. For ki (tetrahedral intermediate formation) at 25 °C.
h. For ki at 45 °C.
i. Calculated from data obtained at 63, 85, and 109 °C.26




severe. Addition of a co-solvent such as acetone, dis­
rupts the hydrogen bonding in pure water; therefore, more 
entropy must be overcome before reaching the transition 
structure.3 0
Also consistent with the mechanism in eq 3 are 
results from proton inventory experiments. These experi­
ments give an accounting of the number of protons undergo­
ing bonding changes in the transition structure and the 
contribution of each to the kinetic solvent isotope effect 
(KSIE). The results for the neutral hydrolysis of S-ethyl 
trifluorothioacetate indicate31 that the proton (//a) being 
transferred to a second water molecule contributes a fac­
tor of 2.08 to the overall KSIE of 2.72. The protons (//b) 
of the second water contribute equally (1.14) to a secon­
dary solvent-isotope effect. Hence, 2.08 x (1.14)z = 
2.72, the observed KSIE.
3.2. The Brdnsted catalysis law. Once it is realized 
that the spontaneous reaction is actually a case of genei—  
al-base catalysis, then the rate enhancement seen in cat—  
boxylate-catalyzed reactions can be estimated.
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In a general-base-catalyzed reaction, the reaction 
rate is a function of base strength. Relative reaction 
rates can be calculated from the Bremsted catalysis law,
(-0 )
&gb = c/Cfl (4)
eq 4, where £gb is the rate of the general-base-catalyzed 
reaction, is the dissociation constant of the conjugate 
acid, and 0 is the Br0nsted coefficient. The value of c is 
a constant for a given reaction. The increase in rate due 
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The Bransted 0 for the general-base-catalyzed hydro­
lysis of phenyl dichloroacetate by oxyanions32 is 0.35. 
The pK a of the hydronium ion and acetic acid are -1.7 and 
4.76, respectively. Therefore, the rate of hydrolysis 
would be predicted to increase by a factor of 187 for an 
acetate-catalyzed reaction. The bimolecular rate constant 
for the watei— catalyzed hydrolysis32 of phenyl dichloro­
acetate is 3.3 X 10“3 M -1 min-1 and the rate of the ace­
tate-catalyzed reaction32 is 0.428 M “ 1 min-1. The 
observed increase in rate, 130, is not significantly dif­
ferent from the predicted value.
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3.3. Intramolecularly catalyzed hydrolysis. In intermo- 
lecular catalysis by carboxylate, the catalytic pathway is 
determined by the difference between the pK^'s of the
less than three; general-base catalysis occurs when ApK^, 
is more than three. However, for intramolecular reactions,
of 9 proceeds by intramolecular nucleophilic catalysis22 
even though methoxide is a much poorer nucleofuge than the 
carboxylate.
The few reported cases of intramolecular general-base 
catalysis by carboxylate fall into two distinct classes: 
(a) derivatives of malonate monoesters33 (10), and (b) 
2-benzoyloxyacetic acid34 (11), or derivatives of aspi­
rin (12). Although most monoesters of dicarboxylic acids 
hydrolyze via a nucleophilic mechanism, the general-base 
pathway is followed by malonate monoesters. The intramo­
lecular nucleophilic mechanism would require that a 
strained foui— membered cyclic anhydride be formed.
Aspirin and 11 are different from the other reported 
cases of intramolecular catalysis by carboxylate in that
nucleofuge and the carboxylate. Nucleophilic catalysis
occurs when ApKh (p K* n u c l e o f u g e  - pATfl c e i - b o x y l a t e )  i s






they are esters of hydroxyacids rather than monoesters of 
diacids. The EM of the carboxylate in the hydrolysis 
of 11 is twenty-four, while the EM for the carboxylate in 
aspirin hydrolysis is only thirteen. The largest EM for 
carboxylate in an intramolecular general-base-catalyzed 
hydrolysis is sixty, which was measured for the monophenyl 
ester of 1,1-cyclopropanedicarboxylic acid.33 On the other 
hand, carboxylates in intramolecular nucleophilically 
catalyzed reactions22 often have E M ’s in the range of 104 
to 10® and in a few cases as high as 1016.
General-base catalysis by carboxylate is proposed for 
numerous enzymes.35 Because enzymes are such efficient 
catalysts, the question arises as to why such low E M ’s are 
observed in intramolecular general-base reactions. Are 
the enzymes depending on other mechanisms for catalysis 
with only a small boost in efficiency from carboxylate, or 
do the current models lack the proper geometry for effi­
cient catalysis? To begin to answer these questions, a 
detailed examination of the most thoroughly studied case 
of intramolecular general—base catalysis by carboxylate 
(the hydrolysis of aspirin) is in order.
3.4. Evidence for intramolecular general-base catalysis 
in the hydrolysis of aspirin. Although a number of inves­
tigators36 had previously studied aspirin hydrolysis, 
Edwards37 was the first to measure the rate of hydrolysis 
over the entire pH range and to show that the rate is
25
independent of pH in the range of pH 5 to 8 (Figure '1.7). 
He also identified six reactions that could account for 
the observed pH-rate data.
CH3COOC*H4COOH + *1h 3o * - h o c 6h 4c o o h + CH3C00H + H +
c h 3c o o c 6h 4c o o h + kzh 2o -
T.
h o c 6h 4c o o h + CHaCOOH
c h 3c o o c 6h 4c o o h + HO- -
T -
h o c 6h 4c o o h + c h 3c o o -
c h 3c o o c *h 4c o o - + H 30* - 
1.
h o c 6h 4c o o h + c h 3c o o h
c h 3c o o c 6h 4c o o - +
K&
h 2o  - h o c 6h 4c o o h + c h 3c o o -





Figure 1.7 pH-rate profile for the hydrolysis of aspirin.
Of these six reactions kz is kinetically equivalent 
to k4l and k3 is kinetically equivalent to k s . Edwards 
showed that the product formed via k3 and k 4 is probably 
small, so the overall rate expression reduces to: 
ki [H+ ]2 + A'*k3[H+] + k 5 [H20] + **[0H-]}
kobm —
K + [H+]
Chanley et al.38 put forth the first proposal that 
implicated the participation of carboxylate in the hydro­
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lysis of aspirin. They no-ted that the rate of hydrolysis 
in the pH independent region is much faster than would be 
expected for the spontaneous reaction and proposed that 
the aspirin anion (13) is in equilibrium with the anion 
of the cyclic hemi-ortho ester, 14. The breakdown of 
14 by water into acetate and salicylate (15) then occurs 
in an unspecified manner.
The idea of carboxylate participation was taken a 
step further by Davidson and Auerbach39 when they observed 
that aspirin shows behavior normally associated with 
acyclic anhydrides. Treatment of aspirin with «-(p- 
nitrobenzoyl )amino—<x—toluic acid (16) in pyridine gave a 
blue color within a few seconds, indicating the formation 
of the azalactone anion (17), a positive test for the 
presence of anhydride. Negative tests were given by 3- 
and 4-acetoxybenzoic acids. When aspirin was treated with 
anhydrous oxalic acid in the presence of pyridine, a gas 
evolved with a reaction half-life of 165 min. However, 
little or no gas evolved in the same time period when the 
test was run with 4-acetoxybenzoic acid. They postulated 
that the cyclic intermediate 14, proposed by Chanley et
27
al.,38 is in equilibrium with 18. The hemi-ortho 
ester 18 opens to the mixed anhydride 19, which then rap­




Garret*0 later observed that the rate of aspirin 
hydrolysis greatly increases in the presence of alcohols. 
He discounted the notion that the increase in rate is a 
medium effect by showing that the rate of aspirin hydroly­
sis remains essentially unchanged in up to 60% dioxane. 
These data indicate that alcohol is involved in the rate 
determining step. When the hydrolysis of aspirin was cai—  
ried out in 60% by volume ethanol, 90% of the maximum 
amount of ethyl acetate was formed. In a control reaction 
using acetylsalicylic acetic anhydride, no ethyl acetate
28
was formed. Garret suggested that the solvolysis does not 
go through the anhydride and that the rate - determining 
step is Sn2 attack on the cyclic intermediate 18.
Garret’s proposal was not widely accepted. Bender et 
a l .41 studied aspirin hydrolysis in the presence of 180 
enriched water and found six per cent of the excess 180 
was incorporated into the salicylate carbonyl (Figure 
1.8). This amount of 180 incorporation agrees with the 
amount predicted for the hydrolysis of 19. The prediction 
is based on the amount of two hydroxamic acids formed when 
acetic-benzoic anhydride is shaken with a solution of 
hydroxylamine hydrochloride. Based on this observation, 
the accepted mechanism for the hydrolysis of aspirin was 
one in which the carboxylate acted as a nucleophile to 
form an intermediate anhydride.
The evidence presented by Bender et a l .41 was later 
refuted by Fersht and Kirby,32 who repeated the experiment 
and found no significant incorporation of l80. Additional 
evidence against a nucleophilic mechanism was supplied by 
the fact that no methyl salicylate (a product expected 
from the methanolysis of the mixed anhydride) was formed 







Figure 1.8 Incorporation of 180 into the salicyl 
carbonyl via the nucleophile mechanism.
Fersht and Kirby measured32 a AS* of —22.5 eu and a 
KSIE of 2.2 for aspirin hydrolysis. They claimed that 
these values were inconsistent with a nucleophilic mecha­
nism because intramolecular nucleophilic reactions noi 
mally have a AS* near 0. Because solvent would not be 
involved in the rate-limiting transfer of the acyl group 
to the carboxylate, the KSIE for a nucleophilic mechanism 
should be unity.
However, the assertion that AS* should be 0 and KSIE 
should be unity for the nucleophilic mechanism assumed 
that the rate determining step was O—to-O transfer of the 
acyl group from phenol to carboxylate. It has been shown 
that at least in some cases O—to-O transfer is very rapid. 
When salicoyl salicylate (21) labeled at the carboxylate 
carbon was hydrolyzed at pH 8.2, equilibration of the 
label was 10,000 times faster than hydrolysis.42 This was 
largely due to the fact that phenol is a much better 
nucleophile than water43 and therefore recapture of the 
intramolecular phenol is easier than reaction with water.
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of-OH
• = 1 3C
Thus, if the hydrolysis of aspirin proceeds through a 
nucleophilic mechanism and hydrolysis of the anhydride is 
rate limiting, a value for AS* similar to that for anhydi—  
ide hydrolysis* would be expected.
The problem now becomes not whether 0—to—Q transfer 
occurs, but whether it is a parasitic equilibrium off the 
major reaction pathway. The reaction is outlined in 
Scheme 1.1. If Kank z > k x , then the overall mechanism is 
nucleophilic; otherwise the mechanism is general-base, and 
anhydride formation is just a competitive equilibrium.
Fersht and Kirby45 studied the hydrolyses of substi­
tuted aspirins and determined p for both the phenol and 
carboxylate using the modified Hammett equation of 
Jaffe.45 The values determined were /9phcnol = 0.96 ± 0.04 
and pacid = 0.52 ± 0.03. The p ph®noi value was consis­
tent with p = 1.1 ± 0.2 calculated for intermolecular gen-
+ AS* = 42.3 eu for the spontaneous hydrolysis of acetic 
anhydride44 at 25 °C. If the anhydride was hydrolyzed via 
intramolecular general-base catalysis by phenoxide, AS* 
would be expected to be somewhat lower.
31
Scheme 1.1
eral-base-catalyzed hydrolysis calculated from the data of 
Gold and co-workers.6
The above p values compare to p = 1.7 for bimolecular 
acetate-catalyzed hydrolysis of substituted phenyl ace­
tates. 6 However, in the bimolecular case, the rate detei—  
mining step would be formation of the anhydride; in the 
intramolecular case, the rate limiting step would be 
hydrolysis of the anhydride. Therefore, although p is 
consistent with the general-base mechanism, the utiliza­
tion of p values to differentiate between the general-base 
and nucleophilic mechanisms is somewhat suspect.
Also consistent with a general-base mechanism are 
results from proton inventory experiments on the hydroly­
sis of dichloroaspirin (22),47 which has a KSIE and AS* 
similar to aspirin and presumably hydrolyzes by the same 
mechanism. Linear plots of kobB vs mole fraction (x) DzO 
were obtained indicating a one-proton bridge in the tran­
sition structure. Acetic anhydride, however, has a KSIE
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of 2.88 and gives a curved plot of k obs vs x D 20.48 The 
curvature fits a model for three protons, presumably one 
bridging proton and two protons of a catalytic water mol­
ecule.
An alternative explanation49 for a one proton tran­
sition structure in intramolecular nucleophilically catal­
ysed aspirin hydrolysis is outlined in Scheme 1.2. In this
Scheme 1 . 2 .  O
- O '
mechanism, the nascent aryloxide acts as a general base 
to catalyze the attack of water on the mixed anhydride. 
This mechanism could also explain why no 180 is incorpo­
rated into the salicyl carboxylate. Gandour50 has pointed 
out that proton transfers are preferentially linear and 
therefore are facilitated in 7- or 8-membered cyclic tran­
sition structures. Phenoxide-catalyzed attack of water on 
the carbonyl of the anhydride distal to the aromatic ring
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would involve an eight—membered transition structure. 
Attack at the proximal carbonyl would proceed through a 
six-membered transition structure, which would preclude a 
linear transfer of the proton.
The hydrolysis of 2-acetoxy-3,5-dinitrobenzoic acid 
(23) was shown to proceed through the nucleophilic path­
way.51 Evidence for this pathway was given by incorpora­
tion of 180 into the carboxylate when the hydrolysis was 
carried out in 180 enriched water, and by isolation (39%) 
of the methyl ester of 23 when solvolysis was conducted in 
50% methanol. The KSIE and A3* were reported51 to be 2.05 
and -20.6 eu, respectively. These values are very close 
to those for the hydrolyses of aspirin32 and dichloroaspi- 
rin.47 However, in contrast to dichloroaspirin,47 a proton 
inventory for the hydrolysis of 23 gives a non-linear plot 
of kobs vs x D 20 .49 The results were fit to a model in 
which 39% of the hydrolysis occurred at the proximal cai—  
bonyl through a two water mechanism (Figure 1.9a), and 61% 
occurred though an intramolecular general—base-catalyzed 
attack at the distal carbonyl (Figure 1.9b).
Capon53 countered the idea that general-base-cata- 
lyzed hydrolysis of the mixed anhydride is the mechanism 
of aspirin hydrolysis using the following argument: if
hydrolysis follows a nucleophilic pathway, then the hydro­
lysis rate of the ionized form of aspirin would have to be 
106 times faster than that of the un-ionized form. Thus,
NO,
Figure 1.9 Hydrolysis of 2-acetoxy-3,5-dinitrobenzoic 
acid by Ca) spontaneous hydrolysis of the mixed anhydride 
and Cb) general-base-catalyzed hydrolysis of the mixed 
anhydride.
if the hydrolysis products of aspirin are formed through 
the nucleophile pathway, and the hydrolysis of the anhy­
dride is rate limiting, then the equilibrium expression 
for the pre-rate-determining steps can be written as shown 
in Scheme 1.3. From this relationship, the relative 
concentrations of the un-ionized and ionized forms of the 






To obtain the relative concentrations of AnH and An~ 
it is necessary to know AT» and Kz but not Ka or K* . The 
pK& of aspirin (p/C*) has been measured to be 3.69 and an 
approximation of pKz = 8.80 can be obtained by using the 
p/c'rt of phenyl salicylate.
- 5. 2 -
AnH
- 7 .4 -
An_- 8 . 7 -
- 9 .9 -
Co
- 11. 2 -
- 12.4 -
- 13.7
[AnH] = 1/(1 + Kz/[H +] + Kz/K*[H+] + KZ/KXK,)
[An-] = 1/(1 + \/K* + [H *]/Kz + [H+]//C,K*)
Figure 1.10 Relative Concentrations of AnH and An- as a 
Function of pH.
Figure 1.10 shows that while the concentration of An* 
is proportional to the rate of the pH independent anionic 
reaction, the maximum concentration of An- is 1.25 x 10_s 
times lower than the maximum concentration of AnH. Even 
at pH 5, where the acid form of aspirin is fully ionized 
and the maximum concentration of An- is reached, the con­
centration of An" is 1.4 x 10"4 times lower than that of 
AnH. From this information, the relative rates of k3 and 
k« needed to reproduce the kinetic data can be calculated.
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It is not certain how much un-ionized aspirin hydro­
lyzes via the nucleophilic mechanism; however, the rate 
constant for the pH independent un-ionized reaction sets 
an upper limit for the rate constant of the nucleophilic 
pathway:
^un-ionized ^ k 3KiK*/Kz ^ 0.59 x 10"4 min-1.
If it is assumed that all of the hydrolysis of the ionized 
form of aspirin proceeds through the anhydride mechanism 
then:
^ionized = k3Kt>. = 6.65 x 10-* min-1.
The ratio of k 3/kn is given by:
k 3/k4 2: Ka/Kz (8.8 x 10-2).
Therefore
k 3/k4 £ 1.4 x 10*
Thus, if hydrolysis of the aspirin anion proceeded 
via the anhydride, the rate constant for the anionic form 
would be ^ 106 times faster than for the un-ionized form. 
This rate difference could not be attributed to simple 
hydrolysis of the two forms; therefore, the proposal that 
the nascent phenoxide participates as a general base in 
the hydrolysis of the anhydride must be considered. A 
rate acceleration of 106 would require that the phenoxide 
be a much more efficient general base than has been 
observed. Capon53 cited studies reporting the rate accel­
eration of the hydrolysis of phenyl salicylate by the ion­
ized phenol to be 60-fold. However, more recent studies54
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place the rate enhancement of phenyl salicylate hydrolysis 
due to participation of phenoxide at 103. Although this 
is significantly higher than previously thought, it is 
still 103 smaller than necessary for the overall nucleo­
philic mechanism.
When this same argument is applied to 23, the ratio 
of ^ionized to ^un—i©ni3c®d is ^ 3.59. This is clearly 
within the range observed for intramolecular general-base 
catalysis by phenoxide.
4. Efficiency in Intramolecular Catalysis: General-Base
vs. Nucleophile mechanisms
Based on a study of a series of malonate and maleate 
monoesters, Kirby and Lloyd33 concluded that intramolecu­
lar nucleophilic catalysis is inherently more effective 
than intramolecular general-base catalysis. They noted 
that the EM of carboxylate in the nucleophilically cata­
lyzed hydrolysis of monophenyl maleate is 150 times larger 
than that for the general-base catalyzed hydrolysis of 
monophenyl malonate. They attributed the low EM of genei—  
al-base catalysis to low-frequency vibrations in the tran­
sition structure, and argued that this residual entropy 
would reduce the advantage of the intramolecular reaction. 
However, Menger believes13 that the residual entropy 
effects on EM would cancel because the entropy is also 
present in the intermolecular reaction.
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Two features of the models used by Kirby and Lloyd 
should be noted. First, the models that hydrolyze by a 
nucleophilic mechanism are all diacid monoesters. In the 
first step of the reaction, the overall entropy is raised 
by the expulsion of the nucleofuge to form the anhydride. 
In the case of aspirin, the entropy is not increased by 
anhydride formation, and reaction of the anhydride with 
the neighboring phenol (a better nucleophile than water) 
is faster than hydrolysis. The second point is the orien­
tation of the carboxylate relative to the ester. The rea­
sons why this may be an important feature are outlined 
below.
4.1. The importance of carboxylate orientation in genei—  
al-base catalysis. Candour has proposed35 that orienta­
tion of carboxylate relative to the proton donor in genei—  
al-base catalysis is important to its effectiveness as a 
catalyst. The syn conformation of carboxyl (in which C=0 
and 0-H are on the same side of the C-0 bond) is more sta­
ble55 than the anti conformation (where the torsion angle 
is 180°). This would make the carboxylate a stronger base 
if the proton approached from the syn direction. The rel­
ative increase in rate due to the increased basicity of 
the carboxylate in a syn proton transfer can be given by 
eq 6 , in which kmyn and kanti are the rate constants for 
the reactions catalyzed by the approach of the proton from 








K(\ ant» ai~e "the dissociation constants of the respective 
conformations. Estimates for K& anti range between
104 and 10®. For a Br0nsted 0 of 0.5, the expected rate 
increase would be 10z to 104.
If the EM of carboxylate in the general-base catal­
ysis of aspirin is recalculated on the basis that the pK& 
of the anti lone pair is approximately 0 , the value 
increases by twenty fold to 260 M. This value is clearly 
higher than the limit of eighty for intramolecular genei—  
al-base catalysis set by Kirby,22 suggesting that the mod­
els used for evaluating this mechanism have not allowed 
optimum efficiency.
5. Design of New Models for Intramolecular General-Base 
Catalysis
5.1. General considerations. The primary purpose of 
this project is to design new models to test the "syn-hy- 
pothesis". After the models have been designed and syn­
thesized, the mode of carboxylate participation, if any, 
must be established.
The minimum requirement to test the "syn-hypothesis” 
is that the model must be able to obtain a conformation
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that would enable the water molecule attacking the ester 
carbonyl to simultaneously hydrogen bond to the syn lone 
pair of the carboxylate. To design this model, a reason­
able geometry of the transition structure of the reaction 
in question must be established.
A first approximation for the optimum geometry was 
obtained utilizing the work of Wiseman.56 Using kinetic 
isotope data and the BEBOVIBIV57 program for calculating 
isotope effects, Wiseman determined the most probable 
transition structure for the intramolecular general-base- 
catalyzed hydrolysis of aspirin. The best fit of the 
kinetic data to the equations of the BEBOVIBIV program 
resulted when formation of the tetrahedral intermediate 
was essentially complete, but the proton of the attacking 
water molecule had not yet been transferred to the carbox­
ylate.
The bond distances and bond angles from Wiseman's 
studies (see Table 1.3) were used as guidelines in con­
structing an "optimum" transition structure for general- 
base-catalyzed ester hydrolysis in which the proton trans­
fers in a syn fashion to the carboxylate. In this 
model,58 all bond lengths were constrained to those of the 
aspirin transition structure. Bond angles not undergoing 
changes in the transition structure were held constant, 
while torsion angles were adjusted to allow for hydrogen 
bonding of the water to a syn lone pair of the carboxyl-
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C1-C2 1 .504 C1-C2-01 114.5 4i C 1 —C2—02—03 0.0
C2-01 1 .222 4>z C1-C2-02 121.4 4z C2-02—03-C3 -74.3
C2-02 1 .285 4>3 01-C2-02 124. 1 4 3 02—03—C3-04 158.4
02- H 1 1 .285 <J> 4 C2-02-H1 106.4 4 4 04-C3-05-C5 56.9
HI-03 1 .084 4s 02—H 1-03 180.0 4 5 H2-03—C3-C4 168.3
03-H2 1 .003 4 b H1-03-H2 106.5 4 b 02-03—C3—C4 77.4
03-C3 1 .765 4i 03-C3-04 105.2 47 H2-03-C3-04 44. 1
C3-C4 1 .490 4b 03—C3-05 95. 1 4 8 C4-C3—05-C5 141.8
C3-04 1 .243 4 b 03-C3-C4 86.4 4 9 C2-02—03-H2 40.0
C3-05 1 .405 4 1 0 04-C3-05 118.6
05-C5 1 .392 4 11 04-C3-C4 123.9
4 I 2 C4-C3-05 111.4
4 1 3 C3-05-C5 118.1
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ate. Because the proton must approach the carboxylate 
from the syn direction, the torsion angle 7 i was defined 
as 180°.
The optimum rate may depend to some extent on other 
torsion angles. Structures that give eclipsed conforma­
tions should be avoided because they would raise the 
energy of the transition structure. However, there is 
some latitude for all torsion angles other than 7 x , giving 
some flexibility to the choice of molecule to be used as 
the backbone of the model.
Certain constraints are imposed on models. The maxi­
mum possible distance between A 1 (the backbone atom to 
which the carboxylate is attached) and A2 (the backbone 
atom to which the ester is attached) occurs in the con­
formation where 7 2 — 7 s = 74 = 180°. This conformation is 
shown in Figure 1.11; the maximum distance is ca. 8.0 A.
An estimate for the minimum separation between A1 and A2, 
3.9 A, can obtained from the conformation in which 7z = 74 
= 60° and 73 = -60°.
Once the distance between A1 and A2 in a proposed 
model has been determined, the spatial orientation of the 
backbone must be considered to ensure the proper bond 
angles about A1 and A2. The conformation needed for catal­
ysis must be readily accessible and have no steric inter­
actions that would inhibit formation of the desired tran­
sition structure. Because the spatial orientation will be
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Figure 1.11 Transition structure for syn proton transfer 
with backbone atoms at maximum separation.
determined by the other atoms of the molecule, each back­
bone must be studied on a case—by-case basis.
5.2. Specific models. Carbon skeletons that fulfil the 
geometric requirements for syn hydrogen bonding outlined 
above are esters of the phenol 2-(2-hydroxyphenyl- 
ethynyl ) benzoic acid, as well as their diarylethene and 
diarylethane analogs. Figures 1.12 a-c show the model 
transition structures for hydrolysis of the acetate of 
each of these backbones with the water hydrogen bonded to 
a syn lone pair of the carboxylate.
While these models can adopt the required conforma­
tions for syn hydrogen bonding, they suffer by having 
other conformations available through internal rotations 
in the chains linking the aryls. These rotations would 
contribute to the entropy of activation of intramolecu- 
larly catalyzed hydrolysis, making it less efficient when 




Figure 1.12 Possible transition structures for ester 
hydrolysis of two carbon bridged diaryls.
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and ethane bridged diaryl models have a higher number of 
possible conformations than the ethyne models. Because 
each rotation would be expected to contribute 3.5 - 5.0 eu 
to the entropy of activation, a rate loss of ca. 5-10 can 
be expected for each rotation frozen in reaching the tran­
sition structure. Thus, other factors remaining the same, 
the intramolecular reaction would be 5 to 10 times slower 
for the ethane than for the ethene and 25 to 100 times 
slower than for the ethyne. The rate increase derived by 
locking the groups into close proximity may be even larger 
if there is an energy barrier to the optimum conformation.
Conformations exist for these models in which the 
anti lone pair can hydrogen bond to the water attacking 
the ester carbonyl. If this model is used, some criteria 
must be used to distinguish between syn and anti proton 
transfer. It has been shown55 that the syn lone pair of 
carboxyl forms relatively stable hydrogen-bonds to a water 
dimer. Thus in the transition structure of a syn hydro- 
gen-bonded water, three protons would contribute to the 
isotope effect. If the anti lone pair is acting as a 
general base, as in 2 2 , a one-proton bridge would be 
expected. The number of water or exchangeable substrate 
protons that undergo a bonding change in the transition 
structure, and their individual contributions to the sol­
vent isotope effect, can be determined by the proton 
inventory experiment. If a multiple-proton bridge is
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involved in catalysis by a syn lone pair, a non-linear 
plot of x D 20 v s  k obe would be observed.
6. Scope of Dissertation
Chapter Two of this dissertation outlines the synthe­
sis of the derivatives of 2-(2 ’-hydroxyphenylethynyl)ben­
zoic acid (24) used in this study. In Chapter Three, the 
hydrolysis of 2-(2 '-dichloroacetoxyphenylethynyl)benzoic 
acid (26) is described and kinetic evidence is provided 
for the first demonstrated syn proton transfer in intramo­
lecular general-base catalysis of an ester. The last 
chapter describes the structure of some derivatives 
of 24 and relates the structures to a somewhat surprising 
reaction of these derivatives that limits the intramolecu­
lar general—base-catalyzed hydrolysis of esters of 24 to 
relatively active esters.
Considerable work on other models preceded the work 
described in this dissertation. See Appendix A for a list 
of these publications.
Chapter Two
Synthesis of Diarylethyne Models
Introduction. Of the two—carbon linked diaryls dis­
cussed in the first chapter, the diarylethynes were chosen 
as the first models for studying the "syn-hypothesis’'. 
The positioning and spacing between carboxylate and ester 
are such that a nucleophilic water attacking the ester can 
H-bond to a syn lone pair of the carboxylate. Although 
the models do not "lock” the two functional groups on the 
same side, models with the ethyne linking group have fewer 
internal rotations than models with ethene and ethane 
bridges.
Synthetic aspects are important considerations for 
choosing these particular models. Unsymmetric diaryleth— 
ynes are accessible through direct substitution meth­
ods. 59-6Z In general, these procedures give good yields, 
are amenable to large scale, and can be employed with a 
variety of functional groups.
This chapter describes the syntheses of 2 - (2-hydroxy- 
phenylethynyl)benzoic acid (24), its acetate (25), and 
dichloroacetate (26) derivatives (Scheme 2.1). The key
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intermediate, methyl 2- (2-methoxyphenylethynyl)benzoate
(27), is prepared by Castro-Stephens59 coupling of 2-meth- 
oxyphenylethyne63 with methyl 2-iodobenzoate. A one-step 
demethylation of the ether and ester is accomplished with 
boron tribromide. Acetylation of the phenol is performed 
using acetic anhydride and pyridine, while the dichloro- 
acetate is best prepared via a modification that uses 
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PO,H C ^ C vCH)S-srO
(a) CuS0*/NH20H (b) BBr3 (c) AczO (d) (CHC12)20
1. Syntheses of Diarylethynes
Many syntheses of diarylethynes have been 
reviewed,64-67 but the approaches can be divided into two 
categories: elimination methods and substitution methods.
The rationalization for employing the approach used in the 
synthesis of 24 can be justified in the light of this pre­
vious work.
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1.1. Elimination methods. In the elimination approach, 
a preformed two—carbon link is transformed into the alk— 
yne. The classic example of this method is the dehydro- 
halogenation of vicinal dibromides (eq 7) first reported 
in 1868 by Limpricht and Schwanert.68 Originally, etha- 
nolic potassium hydroxide was used to effect the elimina­
tion, but many modifications have been reported.66 A 
recent procedure using a phase transfer catalyst, tetraoc- 
tylammonium bromide, and petroleum ether and water as the 
co-solvents gave diphenylethyne in 96% yield.69 The elim­
ination approach also includes a-eliminations followed by 
skeletal rearrangements, for example, the Fritsh-Butten- 
burg-Uiechell rearrangement70 introduced in 1894 (eq 8 ), 
and fragmentation reactions (eq 9) developed by Eschenmo- 
ser and coworkers.71 A major drawback to these procedures 
is that key intermediates66 are often more laborious to 
prepare than the diarylethynes prepared by the substitu­
tion methods.
1.2. Substitution methods. Substitution methods are 
relatively new and have the advantage of requiring readily 
prepared or commercially available intermediates. A sub­
stitution method developed by Castro and Stephens59 is 
well suited for preparing the proposed diarylethynes. 
Related to the Ullmann reaction72 for the synthesis of 











per(I) phenylethynide with an aryl iodide to give a dia- 
rylethyne and copper(I) iodide.
Although aryl iodides containing certain ortho nucle­
ophilic groups led to cyclized products when coupled to 
copper(I) ethynides (eq 10, 11), it was shown59b that
esters and ethers did not interfere with formation of the 
diarylethynes (eq 12, 13). Thus 2-phenylethynylbenzoic
acid was synthesized (72%) by coupling copper(I)phenyleth­
ynide with methyl 2-iodobenzoate, followed by hydrolysis 
of the ester with refluxing 1.5 N potassium hydroxide.73
Early syntheses of the copper(I) ethynides59® uti­
lized in the Castro-Stephens coupling were accomplished by 
adding an ammoniacal solution of copper(I) iodide to a 
solution of the ethyne in ethanol. The copper(I) ethynide
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precipitated as a bright yellow powder. A later modifica­
tion in which copper(II) sulfate was reduced in situ to 
copper(I) with hydroxylamine, followed by the addition of 
the ethyne, provided a purer product.74
Alternative procedures were introduced that utilized 
transition-metal catalysts to couple aryl iodides with 
arylethynes, thus avoiding preformation of a metal ethy- 
nide. These methods require a base to scavenge the hydro­
gen iodide produced in the reaction. Dieck and Heck60 
reported the coupling of iodo- and bromo-benzene with phe— 
nylethyne at 100 °C with diacetatobis(triphenylphos-
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phine)palladium(II), as the catalyst, and diethylamine or 
piperidine, as the basic solvent. Yields of 50-60% 
(determined by gas chromatography) were reported for the 
synthesis of diphenylethyne. Simultaneously Cassar61 pub­
lished the coupling of iodobenzene and phenylethyne in 95% 
yield (isolated) using tetrakis(triphenylphosphine)pallad- 
ium(0) and sodium methoxide in N, /V-dimethy If ormamide at 50 
°C. Shortly afterwards Sonogoshira, Tohda and Hagihara62 
showed that milder conditions could be employed for this 
coupling when copper iodide was used as a co-catalyst with 
bis(triphenylphosphine)palladium(II) chloride. They
reported an isolated yield of 90% for the iodobenzene- 
phenylethyne coupling in diethylamine at 25 °C. These
procedures were also useful for the preparation of symme­
tric diarylethynes from coupling acetylene with two equiv­
alents of aryl halide, but could not be used for 
preparation of monoarylethynes.
A simple one-pot synthesis of both mono- and diaryl­
ethynes was described by Negishi et al.7S Their elegant 
procedure (eq 14) formed arylethynes by the direct substi­
tution of aryl halides with ethynylzinc chloride, which 
was easily prepared from commercially available lithium 
ethynide-ethylenediamine complex and anhydrous zinc chlo­
ride. This procedure requires a Pd(0) catalyst. In addi­
tion to using tetrakis(triphenylphosphine)palladium(0 ), 
Negishi employed an alternative Pd(0) catalyst that was
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prepared in situ by reducing bis(triphenylphosphine)pal-
HCSC-ZnBr
ladium(II) chloride with diisobutylaluminum hydride.
Other procedures for the formation of terminal ethynes by 
the substitution method, summarized by Lau et al.,7& 
required a protection-deprotection sequence. Lau’s method 
was the most efficient of these procedures; it employs the 
catalytic coupling of an aryl cuprate and iodoethynyltri- 
methylsilane, followed by basic hydrolysis to give the 
arylethyne (eq 15).
ArCu ♦ l-C = C —SiMes — »  ArC=C~SiM e3 £££* A rC =C ~H  ( 15 )
Syntheses of diarylethynes were greatly simplified by 
the development of substitution methods. In addition, 
these methods were shown to be applicable with a wide 
variety of substituted aryl halides. In general,
electron-donating groups retard the reactions while elec­
tron-withdrawing groups accelerate the reactions.
2. Synthetic Strategy for the Syntheses of the Diaryleth- 
yne Models
As stated previously, the goal was to prepare 24. 
Because arylethynes with an ortho hydroxyl or carboxyl
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"tend to cyclize to benzo-furanones or -furans (eq 10, 11),
protection of these functional groups was required. An 
ester and a methyl ether were the logical choices for the 
carboxyl and the phenol, respectively, since they were 
employed previously in coupling reactions.73 Thus the 
desired product in the coupling step of the synthesis 
was 27, which could be obtained from the coupling of 
either 2-methoxyphenylethyne (28) with methyl 2-iodobenzo- 
ate (29) (eq 16), or methyl 2-ethynylbenzoate (30) with 
2-methoxyiodobenzene (31) (eq 17). Since 28 is known, 
and 29 is a more reactive aryl iodide than 31 in coupling 
reactions, the choice between these routes is clear.
30 31
The preparation of 28 from 2-methoxybenzaldehyde via 
1,1 —dichloro-2-(2—methoxyphenyl)ethene has been reported 
by Normant et al.63 (eq 18). In the first step, a carban-
ion, formed by a metal-halogen exchange between butyllith- 
ium and diethyl trichloromethanephosphonate, is added to 
an aldehyde to form a 1,1-dichloroethene. In the next
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step, the dichloroethene is converted to the ethyne by a 
dehydrohalogenation-metal-halogen exchange using two 
equivalents of butyllithium. An alternative route to
2-methoxyphenylethyne is via the procedure of Negishi et 
al.7S (see above). Methyl 2-iodobenzoate is known73 and 
is easily prepared from the commercially available acid by 
a variety of esterification techniques.
Once the ethyne and aryliodide have been successfully 
coupled, all that remains to form the desired product, 
24, is demethylation. Saponification of 27 should occur 
readily without disturbing the alkyne, but will not cleave 
the ether. Finding suitable conditions for demethylation 
of the ether then becomes the critical factor in the 
synthesis. Ideally, a procedure to do both demethylations 
in a single reaction is desired.
Several mild methods for the cleavage of methoxyai—  
enes have been reported.77 Boron tribromide will cleave 
methoxyarenes at temperatures as low as —80 °C.77a Esters 
can also be dealkylated with boron tribromide, but require 
higher reaction temperatures.77c This difference in reac­
tivity allows the selective dealkylation of methoxyarenes 
in the presence of esters77b (eq 19).
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3. Results and Discusion.
The procedure o£ Normant et al.63 was used in the 
initial preparations of 28; however, the procedure devel­
oped by Negishi et al .75 was later utilized. Although the 
yield of 28 by Negishi's method was only 54%, as compared 
to 85% for the overall yield using the Normant’s proce­
dure, Negishi’s method was more convenient. The major 
advantages of Negishi’s procedure were that it: (a) was
quicker (one vs two steps), (b) required ambient rather
than low temperature conditions, (c) avoided the stringent 
handling required with butyllithium, and (d) had an easier 
work-up.
3.1. Synthesis of methyl 2— (2—methoxyphenylethynyl)ben­
zoate. Early preparations of the key intermediate 27 
were accomplished using the Castro-Stephens coupling of 
copper(I) 2-methoxyphenylethynide (34) with 29. The cop- 
per(I) ethynide was prepared by an in situ reduction of 
Cu(S04) with hydroxylamine, followed by addition of the 
ethyne. Ethynide 34 precipitated as very fine, bright 
yellow powder, that was extremely tedious to filter. This 
salt was stable to air as well as moisture and could be
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stored without decomposition indefinitely. Coupling 
of 34 with 29 proceeded smoothly to give 27 in 84% iso­
lated yield. The product was identified+ by IR, 'H NMR,
13C NMR, and mass spectrometry.
Large-scale preparations of 27 were achieved by the 
catalytic coupling of 28 with 29 using the procedure of 
Sonogashira.62 With (Ph3P)2PdCl2 as the catalyst, the
product was obtained in good yield but was contaminated, 
presumably with bis(2-methoxyphenyl)butadiyne (35). This 
product was not surprising since diynes were isolated in 
the examples reported previously.62 The presumed diyne
would have been formed by reductive elimination of the 
putative palladium dialkynide, because two equivalents of 
the alkyne were used to reduce the Pd2+ complex to the 
catalytically active Pd° (eq 20). This undesired reaction 
was avoided by using (Ph3P)4Pd as the catalyst because no 
alkyne was required to reduce the palladium and thus no 
diyne was formed. The isolated yield of 27 by this method 
was 91%.
t See experimental section for spectral assignments used 
to identify products.
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3.2. Deprotection of methyl 2 - (2-methoxypheny1-
ethynyl)benzoate. With 27 in hand, attention was focused 
on demethylation to give the acid-phenol. Singly demethy- 
lated products were needed as reference materials for 
evaluating carboxy participation. Therefore, procedures 
were needed for selectively demethylating the ether in the 
presence of the ester and vice versa. The latter was 
anticipated to be straightforward by saponification, while 
the former requires a Lewis-acid promoted ether cleavage 
or nucleophilic demethylation methods.
Saponification was not as straightforward as envi­
sioned. Although methyl 2-phenylethynylbenzoate was
cleanly hydrolyzed in refluxing 1.5 N KOH,73 an attempt to 
hydrolyze 27 under the same conditions resulted in a mix­
ture of products. It is likely that cyclization to the 
lactone was occurring under these conditions as it was 
discovered later just how facile this ring closure 
occurrs. Hydrolysis of 27 proceeded smoothly at room 
temperature in a methanol-water mixture buffered with 
sodium carbonate to give (88%) 33 (eq 21). The product
was identified by IR, XH NMR, 13C NMR, and single crystal 
X-ray analysis.
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As stated above, the susceptibility of the triple 
bond in diarylacetylenes to addition by ortho nucleophilic 
groups59 necessitated a mild method for demethylation of
this purpose; through a systematic exploration, conditions 
were found which gave either the estei— phenol or the acid- 
phenol in high yields.
The methyl ether and the methyl ester of 27 were 
simultaneously cleaved by refluxing with excess boron tri­
bromide for 90 min in dichloromethane (eq 22). Acid-phe- 
nol 24 (63%) was identified by IR, ‘H NMR, 13C NMR and
single crystal X-ray analysis. If 0.33:1 to 2:1 stoi­
chiometries of boron tribromide to 27 were used, a mixture 
of 27, 32 and 24 was formed. When 27 was treated with a 
four molar ratio of BBr3 at -5 °C for 10 min, 32 was iso­
lated (52%) (eq 23) and identified by IR, ‘H NMR, 13C NMR 
and mass spectrometry.
the ether. Boron tribromide was successfully used for
A 1 hr
(22)




3.3. Preparation of acetate and dichloroacetate deriva­
tives. Once 24 had been synthesized, only the acetylation 
o£ the phenol remained to complete the synthesis of the 
first models designed to test the syn hypothesis. Ace­
tate 25 was synthesized by stirring 24 in a 1:1 mixture 
of acetic anhydride and pyridine for twenty-four hours 
(eq 24), quenching the reaction in a dilute HCl/ice slurry 
and extracting the product with ether. The product, 
2-(2—acetoxyphenylethynyl)benzoic acid (25), was identi­
fied by IR, *11 NMR, 13C NMR, mass spectrometry, and single 
crystal X—ray analysis. This procedure was not used for 
preparing dichloroacetate 26, because the dichloroacetate 
hydrolyzed much faster than the acetate and therefore 
required an anhydrous work-up.
Several procedures for synthesizing dichloroace-
tates'17’ 78 have been reported, but most have difficulties
out in the absence of catalyst by refluxing the phenol and 
dichloroacetic anhydride in benzene47 for several days. 
The dichloroacetic acid that is formed in the reaction and 
the excess anhydride are then removed by azeotroping with 
benzene. Dichloroacetate 26 prepared in this manner was
(24)
in yielding pure products. The reaction can be carried
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difficult to purify because the product decomposes upon 
prolonged heating in benzene.
In most procedures for the formation of dichloroace- 
tates, pyridine is used as a catalyst;78 however, if the 
product does not precipitate during the reaction, pyridine 
and dichloroacetic acid can be difficult to separate from 
the product. In order to circumvent this problem, 
poly-4-vinylpyridine, an insoluble polymer, was utilized 
in lieu of pyridine.
This procedure was first tested in the synthesis of 
the known78 2-dichloroacetoxybenzoic acid (22). When 
salicylic acid, dichloroacetic anhydride, and
poiy-4-vinylpyridine in a 1:1.5:4 ratio were stirred in 
dichloromethane at 25 °C for 24 h , 22 was obtained (70%)
(eq 25) and identified by NMR and melting point. The 
simplified work-up consisted of filtering the polymer, 
removing the excess dichloroacetic anhydride and solvent 
under vacuum on a Kugelrohr apparatus at 35 °C, and tritu­
rating with cyclohexane. When the procedure was tried 
on 24 with dichloromethane as the solvent, only starting 
material was recovered. With benzene as the solvent and a 
1:10:4 ratio of phenol, anhydride, and poly-4-viny1— 
pyridine, the desired product 26 was obtained (60%) and 
identified by ‘H NMR, l3C NMR, and mass spectrometry.
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4. Experimental Section.
4.1. General procedures. Melting points were determined 
on an Electrothermal apparatus and are uncorrected. *H and 
13C NMR spectra were obtained on a Bruker WP-200 spectrom­
eter operating at 200 or 50.3 MHz, respectively, or on an 
IBM AC-100 operating at 100 or 25.2 MHz, respectively. 
All chemical shifts are expressed as ppm relative to 
internal TMS and coupling constants are in Hz. 13C NMR 
data for the diarylethynes are given in Table 2.1. IR 
spectra, were obtained on a Perkin Elmer Model 621 grating 
infrared spectrometer and UV spectra were obtained on a 
Varian Associates Cary 118. Mass spectra were obtained by 
Mr. Don Patterson or Mr. Herb Land on a Hewlett-Packard 
Model 5985 GC-Mass Spectrometer. Elemental analyses were 
performed by Galbraith Laboratories, Knoxville, Tennessee. 
Exact mass measurements were determined by Mr. Burt Wolf 
at the Florida State University Mass Spectroscopy Lab. 
Single crystal X-ray structures were solved by Dr. Frank 
Fronczek from data collected using a Enraf—Nonius CAD-4 
diffractometer. Reagents and solvents used in the synthe­
sis of specific compounds were obtained from commercial 
sources and used without further purification unless oth­
erwise specified. Tetrahydrofuran (THF) and diethyl ether 
(Etz0) were distilled from sodium benzophenone ketyl prior 




2-Methoxyphenylethyne (28). Ethynylzinc bromide was pre­
pared75 by adding anhyd ZnBr2 (18.0 g, 80 mmol) in THF (80 
mL) to a suspension of ethynyllithium-ethylenediamine 
complex (7.36 g, 80 mmol) in THF (80 mL) at 0 °C. To this 
suspension was added 2-iodoanisole (9.36 g, 40 mmol) in 
THF (40 mL) and (Ph3P )4Pd(0)79 (2.3 g, 2 mmol) in THF (40
mL). The reaction was monitored by GC, and after 6 h the 
aryl iodide had been consumed. The reaction was quenched 
with 2 N HC1 (80 mL) and the product extracted with 2 x 
100 mL hexane. The combined extract was dried (MgS04) and 
filtered through an alumina column. Removal of the sol­
vent and distillation in a Kugelrohr apparatus gave 2.85 g 
(54%) of 28. The sample gave a single peak upon analysis
by GC and gave a ’H NMR spectrum identical to a sample
prepared by the method of Normant.63
Copper (I) 2-Methoxyphenylethynide (34). Following the 
general procedure74 of Castro, NH20H-HC1 (1.53 g, 22 mmol) 
in water (25 mL) was added to a solution of Cu(S04) (2.5
g, 10 mmol) in 28% NH^OH (10 mL) at 0 °C. After stirring
for 10 min, 28 (1.32 g, 10 mmol) in EtOH (25 mL) was
added dropwise. The reaction was stirred for 1 h follow­
ing the addition of 28, after which a bright yellow solid 
was isolated by filtration through a fritted (porosity vf) 
glass funnel. After washing five times each with water, 
EtOH, and Et20, the product (92%) was dried under vacuum. 
Methyl 2-(2-Methoxyphenylethynyl)benzoate (27). Method
64
A. A solution of methyl 2-iodobenzoate (1.51 g, 5.68 
mmol) in pyridine (20 mL) was purged with N 2 and 34 (1.12
g, 5.74 mmol) was added. After refluxing for 4 h, the 
solvent was removed in vacuo and Etz0 (40 mL) was added. 
The Cul was removed by filtration and the Etz0 solution 
was washed twice with 5% HC1, once with saturated NaHC03, 
and once with saturated NaCl. After drying the ethereal 
solution over anhyd MgS04, the solvent was evaporated to 
give 1.30 g (87%) of 27 as a white solid: mp 63-64 °C; *H 
NMR 200 MHz (CDC13) & 3.90 (s, 3 H, 0CH 3 ), 3.95 (s, 3 H,
COzCHa), 6.86-6.97 (m, 2 H, H 9 , H u ) ,  7.64-7.69 (m. 5 H,
ArH) , 7.93-7.98 (m, 1 H, H*); IR (KBr) 2230, (0=0, 1730
(C=0) cm-1; MS m/e (rel intensity): 266 (M+, 19.9), 234
(23.2), 206 (18.3), 205 (24.2), 178 (17.5), 152 (15.4),
133 (100); Anal. Calcd. for C 17H 140 3 : C, 76.66; H, 5.30. 
Found: C, 76.62; H, 5.33.
Method B. A solution of 29 (5.24 g, 20.0 mmol) and 
28 (2.64 g, 20.0 mmol) in EtzNH (120 mL) containing
(Ph3P)4Pd (230 mg, 0.02 mmol) and Cul (76 mg, 0.01 mmol)
as co-catalyst, was stirred at 25 °C for 16 h. The sol­
vent was removed, water (50 mL) added and the residue
extracted with PhH (50 mL). The combined extract was fil­
tered through a short alumina column to remove the cata­
lyst. After the solvent was removed, the crude product 
was Kugelrohr distilled to give 4.55 g (87 %) of 27. The 
spectra and mp matched that of the material prepared by 
method A.
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Methyl 2- (2-Hydroxyphenylethynyl)benzoate (32). To a solu­
tion of 27 (133 mg, 0.50 mmol) in DCM (10 mL) at -15 °C 
was added 1.0 M BBr3 (DCM) (3 mL). The reaction was 
stirred for 25 min and then quenched with ethanolamine (2 
mL). After warming to 25 °C, H z0 (10 mL) was added and 
the reaction was stirred until dissolution. After the DCM 
layer was washed with saturated NaHC03, the solvent was 
evaporated and the product extracted from the crude waxy 
solid with hot cyclohexane. The off white solid (70 mg) 
obtained from the evaporation of the cyclohexane had a mp 
of 66-70 °C and was ca. 92% pure by HPLC analysis 
(juBondpack Cj8; 40 % 0.02N H 3P0^ in MeOH; 0. 5mL min-1; RT 
37 min). A small sample was purified by preparative HPLC: 
mp 70-72 °C; ‘H NMR 100 MHz (CDC13) S 3.96(s, 3 H,
C02C//3), 6 . 8-7.7 (m , 7 H, ArH) , 8.09(m, 1 H, H6) , 8.33 (bs,
1 II, 07); IR (KBr) 2220 (C=C), 1693 (C=0) cm-1;
MS m./e (rel intensity): 252 (M+ , 68.1), 221 (27.8), 220
(100), 165 (18.9), 164 (15.9), 163 (26.2); high-resolution
MS Calcd. for C 1GH 120 3: 252.0786; Measured 252.0781.
2-(2-Hydroxyphenyl)ethynylbenzoic Acid (24). To a solution 
of 27 (2.23 g, 8.4 mmol) in DCM (23 mL) was added 1.0M 
BBr3 (DCM) (25 mL). The reaction was refluxed for 90 min 
then quenched at 0 °C with ethanolamine (10 mL) in DCM (10 
mL). Water (20 mL) was added and the reaction was stirred 
until dissolution. The aqueous layer was washed with DCM, 
acidified, and extracted with Et20. The combined ethereal
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extract was dried (Na2S04), then the Et20 removed to 
yield 24 as an off-white solid (1.24 g, 63%). The product 
was recrystallized from CHC13 as colorless needles, and 
identified by single crystal X-ray analysis. mp 187-190 
°C; 1H NMR 200 MHz (acetone-d6) S 7.65-7.75 (m), 8.10-8.35
(m, Artf); IR (KBr) 2220 (C=C), 1683 (C=0) cm"1;
MS m/e (rel intensity): 238 (M+, 100), 239 (M+ + 1,
18.3), 220 (62.6), 210 (45.5), 181 (8 8 .8 ), 163 (37.7), 152
(40.3), 118 (33.3), 89 (38.1).
2 - (2-Methoxyphenylethynyl)benzoic Acid (33). A mixture of 
27 (133 mg, 0.5 mmol), MeOH (2 mL), H20 (1 mL), and NaHC03 
(80 mg) was stirred at 25 °C for (48 h ) . The pH was 
adjusted to 11 with 10% NaOH, and the reaction was contin­
ued until all solids had dissolved and TLC (silica, CHC13) 
indicated that no starting material remained. The reac­
tion was acidified and the precipitate filtered and washed 
with water to give 111 mg (88%) of 33 as a white powder. 
Colorless needles for X-ray analysis were grown in PhH: 
mp 149-149.5 °C; 1H NMR 200 MHz (CDC13) 3.90 (s, 3 H,
0Ctf3), 6.70-7.01 (m, 2 H , H 9, 7.11-7.78 (m, 5 H,
Artf), 8.05-8.25 (m, 1 H, H *), 10.88 (bs, 1 H, COZH) ; IR
(KBr) 2238 (C=C) 1696 (C=0) cm-1; MS m/e (rel intensity): 
252 (M+, 83.4), 253 (M+ +1, 14.9), 234 (41.7), 206 (57.9),
205 (86.9), 181 (39.8), 178 (45.2), 165 (41.0), 153
(40.1), 152 (100), 151 (33.9), 131 (49.3), 77 (41.4), 76
(31.0).
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2— (2-Acetoxyphenylethynyl)benzoic Acid (25). A solution 
of 24 (419 mg, 1.76 mmol), AczO (5 mL), and pyridine (5 
mL) was stirred for 15 h at 25 °C. The reaction mixture 
was poured over crushed ice, acidified and then stirred 
for 1 h. After extraction with PhH, the extract was dried 
(NazSCLt) and the PhH was removed in vacuo. Additional PhH 
was added to the crude product and then distilled until no 
odor of AcOH remained. The crude product was recrystal­
lized from PhH and cyclohexane to give 358 mg (73 %)
of 25 as colorless needles. The product was identified by 
single crystal X-ray analysis: mp 105-107.5 °C; *H NMR 200 
MHz (CDC13) 2, 2.36 (s, 3 H, 0C0CH3), 7.08-7.67 (m, 7 H,
hr!-!) , 8.09-3.14 (m, 1 H, ) , 9.90 (bs, 1 H, OH); IR (KBr)
2230 (CsC), 1695, [Ar(C=0)]> 1685 [Me(C=0)] cm"1;
MS m,"e (rel intensity): 280 (M+, 4.1), 281 (M+ + 1 , 0.8),
238 (30.7), 221 (16.7), 220 (100), 181 (147), 163 (19.5),
152 (18.7).
2-Dichloroacetoxybenzoic Acid (22). Salicylic acid (1.38 
g, 10 mmol), (CC1ZHC0)Z0 (3.60 g, 15 mmol), and 
poly-4-vinylpyridine (4.2g, 40 mequiv) were stirred in DCM 
(20 mL) for 20 h. The DCM was removed in vacuo and the 
excess (CC1ZHC0)Z0 was removed via Kugelrohr at 35 °C and
0.0 1 torr. The residue was triturated with cyclohexane 
and 1.70 g (70 %) of white crystalline 22 was collected by 
filtration: mp 127-128 °C (lit47 mp 128-129 ° C ) .
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2-(2-Dichloroacetoxyphenylethynyl)benzoic Acid (26). A
mixture of 24 (119 mg, 0.5 mmol), (CC12HC0)20 (1.20 g. 5.0 
mmol), and poly-4-vinylpyridine (210 mg, 2.0 mequiv) was 
stirred PhH (3 mL) for 48 h at 25 °C. The product was 
worked up as above to give 102 mg (61 %) of 26. Analysis 
by HPLC (/uBondpack Ci8; 40 % 0.02N H 3P04 in MeOH) indi­
cated that the compound was pure. White powder: mp
132-135 °C; 1H NMR 200 MHz (CDC13> 5 6.35 (s, 1H, CHClz>,
7.18-7.45 (m, 7 H , ArH ) , 8.05-8.12 (m, 1H, Artf); MS m/e
(rel intensity): 348 (M+, 8.7), 350 (M+ +2, 5.6), 221
(32.0), 220 (100), 152 (43.9), 83 (32.2); high-resolution
MS: Calcd. for C 17H 10C1204 : 347.9960; Measured: 347.9973.
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Table 2.1 13C NMR Data for Diarylethynes
27 R = C (1 6 ) H 3 R ’ = C (17)H 3
32 R = C(16)H3 R ’ = H
33 R = H R' = C(17)H3
24 R = H R' = H
25 R = H R ' = C (17)(=0)C(18)H3










C1 134.3 129.7 130.4 131.0 130.5 130.4
C2 124.5 124.3 124. 0 124.8 124. 0 123.8
C7 113.4 109.4 1 12.0 110.2 117.7 117.1
C8 161 .2 159.4 160.4 160.3 151.5 150.3
C3-C6 134.9 133. 1 134. 0 134. 0 134.3 134.4
+C9-C12 134.5 132.4 133.4 133.6 133.4 133.7t » 134.3 131.0 132.4 132. 1 132.5 132.711 133.2 131.0 131.5 132.0 131.3 131.4\ \ 131.9 130.9 130.4 131.9 129.7 129.9\ i 130.9 127.8 128.0 129. 1 128.2 128.5« I 121 .4 119.6 120.5 120.5 125.9 126.9• t 112.1 115.3 110.7 116.1 122.3 121.5
C 1 3 92. 1 95. 1 92.8 95.7 92.5 93.4
C 1 4 93. 1 90.8 91 .7 91 .3 90.2 89.0
C 15 167.3 166.4 170. 1 167.9 170.9 170.5
C 16 52.3 52.6 --- --- --- ---
C 1 7 56.2 --- 55.8 --- --- ---
C 1 8 --- --- --- --- 169. 1 162.6
C 1 9 --- --- --- --- 20.8 64.2
Chapter Three
General-Base-Catalyzed Hydrolysis of 
2— (2-Dichloroacetoxyphenylethynyl)benzoic Acid
Introduction. Since the first report on the mechanism of 
aspirin hydrolysis nearly forty years ago, intramolecular 
general-base catalysis by carboxylate has only been stud­
ied in molecules with carboxylate oriented anti. Mol­
ecules with carboxyl groups oriented syn toward well-de­
fined microenvironments have been prepared quite 
recently80 but, no catalytic activity has been reported. 
Thus, the first example of intramolecular general base 
catalysis by a carboxylate oriented syn, hydrolysis of 
dichloroacetate 27, is presented in this chapter. The 
evidence comes from an analysis of reaction products in 
aqueous methanol and direct comparison of kinetic parame­
ters of the hydrolyses of 26 and dichlorospirin 2 2 , an 
aspirin analogue.
Both the acetate (25) and dichloroacetate (26) were 
designed as the first models to test the "syn hypothesis": 
Does proton transfer to the syn lone pair (as compared to
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the anti lone pair) of carboxylate in an intramolecular 
general—base-catalyzed reaction result in more efficient 
catalysis? Another reason for synthesizing these rela­
tively simple models was to evaluate the ethyne bridge as 
the group linking the aryls. This information was crucial 
for the design of more complex models. In these models, 
the rotation about the ethyne bridge would be restricted 
by a bridge linking the 6 ,6 '-positions of the diarylethyne 
(e.g. 37). Before work on these bridged models begins,
it must be confirmed that intramolecular general-base—ca­
talyzed ester hydrolysis of the acetate can occur with the 
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The dichloroacetate 26 underwent hydrolysis as 
expected (eq 26), however the acetate 25 did not. 
Instead, 25 lactonized to the isobenzofuranone 36 (eq 
27). Although this reaction was previously observed in 
arylethynylbenzoic acids81 and (Z)-2-ene-4-ynoic
acids,82■83 it was not expected to be faster than acetate 
hydrolysis.
The lactonization reaction, which limits the useful­
ness of the diarylethyne models to reactive esters, is 














1.1. Materials. Dioxane used in the preparation of 
buffers was distilled from sodium prior to use. K 2HPCU 
and KC1 used in the preparation of buffers were A.C.S. 
certified gi— .dec (Fisher Scientific). HC1 was concen­
trated reagent grade (Baker).
1.2. Kinetic Methods and Results. The solvolysis prod­
uct of 26 was confirmed as 24 by two methods. UV spectra 
of products from solvolyses over a pH range of 1.0 to 7.0 
were found to be identical with the spectra of 24 taken in 
the same buffers. Confirmation of the product assignment 
was obtained via HPLC by comparison of the chromatogram of 
the solvolysis product with that of an authentic sample. 
No other products were detected by HPLC.
Preparation of the authentic sample of 24 used as a 
standard to verify the structure of the solvolysis product 
is outlined in Chapter Two. The structure, verified by 
single crystal X-ray analysis, is discussed in Chapter 
Four.
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Observed rate constants for the pH-rate profiles were 
measured at an ionic strength (Ic ) of 0.5 M (KC1) in 20% 
(v/v) dioxane/water (0.05 x) with pH 2.2-7.0 buffered with 
0.02 M phosphate and pH 0.5 - 1.8 buffered with HC1/KC1. 
The pH correction8* for 0.05 x dioxane, 0.02, is within 
the error of the calibration buffers; therefore the appar—  
ent pH reading was used without correction. Standard 
buffers of 1.00 + 0.04, 2.00 ± 0.04, 4.00 ± 0.01, and 7.00 
± 0.01 were used to calibrate the pH meter (Beckman Model 
4500) and electrode (Sensorex SG900C) used to measure the 
pH of the buffers.
Absorbance values used in the calculations of rate 
constants were measured using a Varian Associates Cary 
11CC U7-VIS spectrophotometer interfaced to a Data General 
Nova 3 minicomputer via a Varian 310 digital interface. 
The data were stored on a diskette and transferred to an 
IBM 3031 or 3084 for analysis.
Absorbance measurements used in calculating solvo- 
lytic rate constants for 26 were made at wavelengths of 
maximum absorbance of 24. As seen in Figure 3.1, Amax is 
dependent on the buffer pH. Absorbance measurements for 
the solvolysis of 22 were made at 298 nm (the Amax of sal­
icylic acid in the buffers used). The reactions of 
26 exhibited isosbastic points between 304 and 307 n m , 
dependent on the solution pH. Solvolyses of 22 were too 
rapid to measure an isosbestic point at high pH; however, 









Figure 3.1 Amax vs pH profile for 24
Reaction solutions were prepared by adding 10 — 20 yuL 
of a stock solution to 3 mL of the buffer. Stock solu­
tions 'were prepared in dioxane at ca. 10“2 M and used on 
the same day. Buffer solutions were equilibrated at 25.0 
± 0.1 °C for at least 15 min before the addition of the 
reactant.
Observed rate constants were determined by least- 
squares fitting of the the absorbance values versus time 
(eq 23). A t, A 0 and are absorbance values at time t, 
0 , and infinity, respectively.
At = (A0 - A*,)exp(-kt) + Aro (28)
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Observed rate constants for the hydrolysis of 26 and 
22 are given in Tables 3.1 and 3.2, respectively.
1.3. Determination of the rate constants for the differ—  
ent hydrolysis pathways. The hydrolysis of esters can 
involve several pathways occurring simultaneously, and the 
rate equation must take each into consideration. The 
reaction scheme used to obtain the rate equations for the 
hydrolysis of 26 is described below.
Each form of 26 can hydrolyze, and for each species 
more than one mechanism may be followed. Pathways 
that folic.-: the sc me rate law are kinetically equivalent 
(Scheme 3.1). The spontaneous reaction with water and the 
general-acid-catalyzed reaction are equivalent. Simi­
larly, the intramolecular general-base-catalyzed reaction 
follows the same rate expression as the spontaneous reac­
tion of the anionic form and as the intramolecular nucleo- 
phllic pathway. Eq 29 describes the hydrolysis rate 
of 26. Although the hydrolysis rate of each form can be 
obtained using this expression, eq 29 does not reveal 
which pathways are followed. Therefore, the distinction 
between pathways that are kinetically equivalent must be 
based on other criteria.
In addition, other species present may catalyze the 
reaction. Hydrolyses of dichloroacetates are known to be 
catalyzed by the phosphate dianion.32 Because the second
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Table 3.1 Observed Rate Constants for the Hydrolysis 
of 26 at 25 °C in 20/80 v/v Dioxane/Water, Ic 0.5 M.
£obB<103) sec- 1 







3.36 0.457(1) 0.514(1) 0.485(1)
3.77 0.673(1) 0.766(2) 0.789(1)








Table 3.2 Observed Rate Constants for the Hydrolysis 
of 22 at 25 °C in 20/80 v/v Dioxane/Water, Ic 0.5 M.
/Cobs ( 1 0 3 ) sec- 1
PH run 1 run 2
0.30 0.721(1) 0.734(1)
1 .00 0.700(1) 0.702(1)
1.41 0 .868C1) 0.858(2)
1 .84 1.021(1) 1.064(1)
2. 15 1.690(8) 1.694(1)
2.65 3.8 8 (1) 3.81(1)
2.99 7.72(2) 7.84( 1 )
3. 3 6 1 3 . 8 ( 5 ) 1 5 . 6 5 ( 3 )
3 . 7 7 3 4 . 2 ( 1.9) 3 2 . 2 ( 1)
4. 18 4 2 ( 9 ) 4 2 . 3 ( 1 )
4.61 61 (9) 6 2 ( 2 )
4 . 9 7 7 7 ( 8 ) 7 2  ( 1 )
5 . 4 3 7 6 ( 8 ) 8 2  ( 1 )







+ ;-ha[H+] + i'-n* [ H * 3 2 
Ka + [H+]
(29)
p/̂ A o£ H3PO4 has been measured to be 7.21 in .05 mole 
fraction dioxane, catalysis by this mechanism will only be 
significant at high p H ’s.
The individual rate constants for the hydrolysis 
of 26 were obtained by fitting the pH vs. rate data to eq 
29 and 30 by means of a least-squares fitting program.85 
The buffer term was omitted from the model used to obtain 
the rate constants for the hydrolysis of 22, because the 
observed rate constants were measured to a maximum pH of
v5.9 (well below the pK& of the phosphate monoanion).
k b  K b  [P0 4 2”]
(30)
Kb + [H +]
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The derived rate constants obtained by this method 
are given in Table 3.3 along with the squares of the cor—  
relation coefficients (/?2) and the population variances 
(a2). Figures 3.2a and 3.2b show pH-rate profiles for the 
hydrolysis of 26 and 22, respectively. Solid curves are 
fits to the equation described above.
Table 3.3. Derived Rate Constants for the Hydrolyses
of 23 and 22.
26 22
Kh 3.7(3) x 10-5 9.4(5) X 10-s
tti- sec- 1 2.49(7) X 10-3 8.2(2) X 10-2
sec- 1 3.41(8) X 10-4 6.1(3) X 10-4
f'-H* sec-1 M-1 7(2) X 10-4 2(1) X 10-4
kb sec-1 M~1 1.0(2) X 10-1
F.z 0.99995 0.9998
CT 2 0.024 0.031
1.4. Kinetic solvent isotope effect. The KSIE for the 
hydrolysis of 26 was measured by comparing the rates at pL 
5.5 (pL = pH or pD) in 0.02 M phosphate buffer at an ionic 
strength of 1.0 (KC1) for 0, 0.5, an 1.0 x D20. The KSIE 
for 22 was determined and compared favorably with litera­
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Figure 3.2 pH—Rate profiles for the hydrolyses of





Kinetic Solvent Isotope 
of 22 and 26 at pH 5.5.
Effects in the
^ o b s d O 3) sec - 1
h 2o d 2o HOD KSIE
22 66.7(6) 30.6(4) 2.18(4)*
26 6.75(7) 2.43(4) 4.37(4) 2.78(7)
a lit. 2 .17 (ref. 47)
1.5. Solvolysis in 50% aqueous methanol. The solvolyses 
of 26 were run in 0.05 M phosphate buffer at pH 7.0 and in 
a mixture of that buffer containing 50% by volume MeOH, 
and the results analyzed by HPLC [reverse phase column 
(Waters-Millipore, /uBondpack) with 60% MeOH:40% 0.05 M 
H 3PO4 as the mobile phase]. The result of the solvolysis 
in 50% MeOH (Figure 3.3a) was identical to the result of 
the reaction in water. The chromatograms were compared 
with those of 24 and methyl 2-(2-hydroxypheny1-
ethynyl)benzoate (32), (Figure 3.3b) from samples whose 
preparations are described in Chapter Two. Methyl 
ester 32 was not detected in the mixture from the solvoly­




Figure 3.3 HPLC analyses of (a) the product from the 
solvolysis of 26 in 50/50 v/v Me0H/50 mmol 




The increase in rate at the pH where the carboxylate 
ionizes is evidence for the participation of the carboxyl­
ate in the hydrolysis of dichloroacetate 26 (see pH-rate 
profile, Figure 3.2a). Because 26 is unstable in water, 
an equilibrium determination of its pK& is impossible. 
The equilibrium p/C'fl of 24 was obtained by plotting 
max vs pH in the same buffers. The pKf\ (4.4) 
of 26 obtained from the kinetic data is reasonable, 
and compares favorably with the pATa of 24 (4.2) detei—  
mined by spectrophotometric titration.
Three mechanisms which allow intramolecular partici­
pation of carboxylate in the hydrolysis of 26 are: (a)
nuclc-ophi 1 ic, (b) general-base with the anti lone-pair
accepting the proton in the transition state, and (c) gen­
eral-base with the syn lone pair accepting the proton.
In the nucleophilic mechanism (eq 31), the carboxyl­







intermediate anhydride (38) which hydrolyzes to products. 
There are aspects of the hydrolysis of 26 consistent with 
this mechanism. The K3IE (2.78) for the hydrolysis 
of 26 is similar to that for the hydrolyses of anhydi—  
ides48 (see Table 3.5). The rate constant for the solvo- 
lysis of 76 in 0.5 x D 20 (4.37 X  10"3sec“1) is signifi­
cantly less than the average of the two end points (4.59 
X  10“3 sec-1). A similar result is seen for 2—acetoxy— 
3,5-dinitrobenzoic acid (23) which hydrolyzes by the 
intramolecular nucleophilic pathway.86
Fowevc-r, unlike 23, no methyl ester (expected from 
the ;:,ol’T'iyris of the intermediate anhydride 38) is 
detected when the solvolysis is conducted in 50% methanol. 
Methyl 2-(hydroxyphenylethynyl)benzoate (32) would be 
formed by attack of methanol on the proximal carbonyl of 
the intermediate anhydride; attack of methanol at the dis­
tal carbonyl would result in the formation of methyl 
dichloroacetate and 24. If the nucleophilic pathway was 
being followed, products from both pathways should be 
found. Therefore, it is unlikely that the hydrolysis 
of 26 is occurring via a nucleophilic mechanism.
Intramolecular general-base-catalyzed hydrolysis of 
26 could occur via either the carboxylate’s syn (Figure 
3.4a) or anti (Figure 3.4b) lone pair. In order to dif­
ferentiate between these two possiblities, the solvolysis
85
of 26 will be compared with that of 22. Dichloroace— 
tate 22 hydrolyzes by an intramolecular general-base
mechanism,117 but is restricted by geometry to utilizing 
the anti lone pair.
Figure 3.4 Participation of the (a) syn and (b) anti 
lone pairs of carboxylate in the intramolecular 
general-base-catalyzed hydrolysis.
Although 26 and 22 both hydrolyze via a general—base 
mechanism, there are several important differences in the 
solvent effects for these two reactions: (a) the KSIE for
the hydrolysis of 26 is higher (2.78) than for
22 (2.17), (b) the solvolysis rate constant in 0.5 x D 20 
is the average of the solvolysis rate constants in H 20 and 
D 20 for 22 and is lower than average for 26, and (c) a 
change in the medium in which the esters are solvolyzed 
has an opposite effect on the hydrolysis rates.
A KSIE of 2.78 is characteristic of hydrolyses that 
involve more than one water molecule (see Table 3.5). The 





states with a one-proton bridge, have lower KSIE's. The 
involvement of multiple waters is consistent with the uti­
lization of the syn lone pair of the carboxylate.
Table 3.5 KSIE for Hydrolysis Reactions and the 
riuriber of R-tors in the Transition Structure.
waters
26 2.78
S—Ethyl trifluorothioacetate31 2.72 2
22* 7 2. 17 1
Phenyl hydrogen malonate87 2. 30 1
Acetic anhydride*8 2.90 2
The solvent spheres around carboxylates are highly 
ordered88 with hydration numbers greater than three.89 
The exact structure of the hydration sphere is not known, 
however carboxylic acids form relatively stable structures 
with "ater dimers.90 If the water-acid structure is used 
as a first approximation to the carboxylate hydration 
sphere, three protons would undergo bonding changes in the 
hydrolysis transition state. (Figure 3.5).
Solvent isotope effects in mixed H 20/D20 systems can 
yield information91-93 on the number of protons involved 
in the transition state and the solvent isotope effect of 
each proton. A complete analysis is complex; often more
Figure 3.5 Transition state of the hydrolysis 
involving two water molecules.
than one mathematical model will fit the data. The curva­
ture, 7, of the /-:0bs vs x D 20 plots is modeled by eg 32. 
In this equation, •/«- and are the fractionation factors
of reactants and transition structures, respectively. The 
correction term g can be ignored in most cases. The 
inverse, 7"1, gives the minimum number of protons that 
undergo bonding changes in the transition state.
81n (; ,0.5/'/yi)




y* = — [1 + oX ci - q)]nci - x + *rx> = ncl - x + rf*x>
R o * *
An inspection of eq 32 indicates that plots of ihobs 
vs x DzO for transition structures involving one proton
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will be linear while those with multiple protons undergo­
ing bonding changes will be curved. Although many studies 
use 3 to 6 intermediate points to fit the data, Albery9 1 
has argued that only one intermediate point (x = 0-5 D 20) 
is needed to differentiate between a one, two, or three 
proton mechanism. The precision needed93 to use this pro­
cedure (Table 3.6) is dependent on the KSIE of the reac­
tion (©q 33).
kK/k 0 = [1 - X + x/CKSIE)1'" (33)
n = number of protons
Table 3.6 Precision Required for Proton Inventory 
Experiments for a Reaction with KSIE = 2.78.
n
1








The value of 0.647 ± 0.013 (2%) for k0.=,/ko was obtained 
for the hydrolysis of 26. The data fit a transtion struc­
tures in which two protons are undergoing bonding changes. 
It rules out a one-proton transition structure.
In addition to the differences in the KSIE and y, 
another difference between the hydrolyses of
89
26 and 22 is noted. The reactions to determine rate con­
stants for hydrolysis of 26 were first attempted in water 
at Ic = 1.0 M (conditions that had been previously used
for the hydrolysis of 22). However, the un-ionized
form of 26 is not soluble under these conditions and
therefore the hydrolytic rates could not be measured at 
low pH's. The reactions were therefore run in 20% by vol­
ume dioxane (x = 0.05) withcI = 0.5 M.
In order to compare the hydrolytic rate constants
of 22 and 26, the rate constants for 22 were measured in 
20% dioxane. The effect of the change in solvent composi­
tion on the rates of the two hydrolyses is shown in Table 
7.7.
Table 3.7. Comparison of the Solvent/Salt Effect on the
Hydrolyses of 2—Dichloroacetoxybenzoic Acid and
2- (2-D '.chloroacetoxyphenylethynyl)benzoic Acids at pH 5.5.
2 0 %  dioxane water u-' d i o x a n e
(Ie 0 . 5  M> ( I c 1.0 M) ^ w a  ter
2 2 . 0 7 6 . 0 6 7 1.1
2 6 . 0 0 2 3 . 0 0 6 9 0 . 3 3
The solvent/salt effect on the hydrolytic rate of 22 
is sinilar to that of aspirin. Aspirin hydrolysis, which 
occurs by the same mechanism as for 22, is independent of
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dioxane concentration40 ("to 60% dioxane), but has a slight 
negative salt effect.32 Decreasing the salt content from
1.0 to 0.5 M results in a 10% increase in the hydrolytic 
rate of aspirin, which is consistent with the rate diffei 
ences observed with 22.
The medium change had a much different effect on the 
hydrolytic rate of 26. The rate decreased by a factor of 
three. Because dioxane breaks the structure of water,94 
the decreased hydrolytic rate would be expected for a 
mechanism involving a highly structured solvation sphere 
around the carboxylate.
C. '•eel us ions
The hu.-drolytic kinetics of 26 support a mechanism in 
which a syn lone pair of the carboxylate participates in 
intrr: molecular general-base catalysis. The participation 
of carboxylate was established by a pH-rate profile. A 
nucleophilic mechanism was ruled out by demonstrating 
that 52 is not formed when 26 is solvolyzed in a metha- 
nolAa.ter mixture. Participation of the syn lone pair was 
established by comparing the KSIE and medium effects 
of 26 with those of 22, which has been shown to hydrolyze 
by a general-base-catalyzed mechanism, but is constrained 
by geometry to use the anti lone pairs of the carboxylate.
Although the rate of hydrolyis of 26 at pH 5.5 and Ic 
= 1.0 M is ten times slower than for 22, it cannot be con­
cluded that the anti lone pair is a better catalyst. The
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intramolecular general-base-catalyzed hydrolysis of 22 
has several advantages over that of 26. First, the car—  
boxylate of 22 is locked in proximity to the ester being 
hydrolyzed; however, a free rotation around the ethyne 
bridge in 26 allows the carboxylate to rotate away from 
the ester (cf. Figure 3.6). It is not easy to predict how 
much this rotation affects the hydrolysis rate. As dis­
cus sed in the introduction, Jencks believes21 that a sin­
gle rotation in an intramolecular reaction results in a 
five- to ten-fold rate decrease. This would account for 
the differrnee in hydrolytic rates of 22 and 26. However, 
riengor cites experimental evidence13 that locking out a 
single rotation can result in a 104-fold rate enhancement. 
In .-.uen.r-g . those results are most encouraging for the syn 
hypothesis and support the construction of a locked model.
OII
Figure 3.6 Internal rotation in 26 due to the ethyne 
bridge. This rotation is absent in 22.
The second feature of 26 that may retard hydrolysis 
is the presence of an ortho substituent (the ethyne 
bridge). An ortho substituent would sterically interfere
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with the the formation of the tetrahedral intermediate and 
therefore have a retarding effect on the reaction rate.
A nucleophilic reaction of carboxylate with the alk- 
yne could affect the efficiency of the carboxylate as a 
general-base catalyst. This nucleophilic reaction is dis­
cussed in Chapter Four.
Chapter Four
Structures of 2 , 2 '—Disubstituted Diarylethynes:
Models for an Evaluation of Directionality in Intramolecu­
lar Interactions. Lactonization of 2-Arylethynylbenzoic 
Acids.
Introduction. Prior to the preparation of dichloroace- 
tate 26, 25 was synthesized in expectation of identifying 
carboxylate participation in general-base-catalyzed hydro­
lysis of an acetate. At pH 7, 25 did not hydrolyze 
to 24 (eq 34), but instead cyclized to (E)-3-[(2-acetoxy- 
phenyl)methylene]-1 (3//)-isobenzofuranone (36) (eq 35).
This meant that nucleophilic attack by carboxylate on 
the alkyne was faster than hydrolysis of the acetate 






are known81, it was anticipated that the lactonization 
reaction would be slow relative to hydrolysis. Because 
this reaction could affect the design of future models, 
the relative ease with which lactonization occurred sug­
gested a further examination of this ring closure.
Uncatalyzed intramolecular additions of carboxylate 
to alkynes are known;81-83 however, only a few scattered 
examples have appeared, with little explanation of the 
mechanism and the regioselectivity. Described in this 
chapter are: (a) reasons for the lactonization of 25 being
faster than anticipated, (b) an explanation for regiose­
lectivity in the lactonization, i.e. formation of isobenz- 
ofuranone over the benzopyranone, and (c) the relationship 
between X-ray crystal structures and reactivity of
2-(arylethynyl)benzoic acids. The introduction concludes 
with a brief historical review of carboxyl(ate) addition 
to alkynes.
I. Nucleophilic Addition of Carboxylate to Ethynes
Although several reviews concerning nucleophilic 
addition to ethynes have been written,95 little mention is 
made of nucleophilic carboxylate addition. The addition 
of carboxylic acids to alkynes usually requires electro- 
philic catalysis.96 Only strongly acidic carboxylic 
acids, such as trifluoroacetic acid (eq 36), will add to 
alkynes without the aid of a catalyst. In addition to 
strong acids, transition-metal compounds, such as mei—
95
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cury(II) and thallium(III) salts are used to facilitate
intermediate ethenyl-metal compound is formed, which can 
be converted to the vinyl ester or other products.
1.1. Intermolecular addition of carboxylate to ethynes.
Only one example of uncatalyzed bimolecular nucleophilic 
addition of carboxylate to a C=C bond has been kinetically 
demonstrated.98 The highly reactive methyl propynoate 
reacted with acetic acid and an alkali acetate in dimeth— 
ylformamide at 100 °C to give methyl 2-acetoxypropenoate 
(eq 37a), and the cyclotrimer, trimethyl 1,3,5-benzenetri— 
carboxylate (eq 37b). The rates of formation of both 
products were proportional to the alkali acetate concen­
tration. The monomeric alkene was converted into the 
cyclotrimer by heating with acetic acid and potassium ace­
tate in dimethylformamide, indicating that the monomer is 
a likely intermediate in the formation of the trimer.








Although a large excess of acetic acid was necessary 
for the reaction to proceed uniformly and to prevent poly­
merization, the rates of formation of both products were 
inversely 'proportional to acetic acid concentration. 
Alkali acetates are not very soluble in dimethylformamide, 
and the addition of acetic acid enhances their solubility
Q — K-~
-c J C -
O -H — O6*3'’
by forming an acetate—acetic acid dimer. The rate of 
reaction is fastest with potassium acetate, because its 
dimor with acetic acid dissociates to a greater extent 
than the dimers with sodium or lithium acetate. Thus, the 
kinetic expression for acetate addition to methyl propy- 
noate indicates that the dimeric acetate is not reactive.
1.2. Intramolecular addition of carboxylate to ethynes.
A few examples of intramolecular nucleophilic addition 
have been reported,81-83 and in each the carboxylate is 
locked into a position adjacent to the triple bond by a 
cis double bond or aryl ring. Intramolecular nucleophilic 
carboxylate addition to an alkyne was first reported 
by Christensen et al.,8Za who observed that (Z,Z)- 
deca-2,8-dien-4,6-diynoic acid (39) lactonized when 
treated with dilute sodium bicarbonate (eq 38). Cycliza- 
tion of other derivatives of (Z)-2-en-4-ynoic acids were 
later described by the same authors as well as others;8 2 b
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however, no mechanistic details or reaction rates were 
given.
Letsinger et al.81 provided a more detailed study of 
intramolecular addition of carboxylate to an ethyne. The 
investigation was prompted by the observation that 
2,2'— (1,2-ethynediyl)bisbenzoic acid (40) isomerized to
3-[(2-carboxylphenyl)methylene]-1(3H)-isobenzofuranone




39). Although 40 isomerized in neutral or weakly acidic 
aqueous solutions, it was stable in glacial acetic acid 
(used for recrystallization) and was esterified with meth- 
anolic hydrochloric acid. A kinetic study of the lactoni— 
zation of 40 in water at 30 °C gave a bell-shaped pH-rate 
profile (Figure 4.1a). The rate maximized at ca. pH 4.0, 
a pH where 40 is in the monoanionic form, thus implicating 
this form as the reactive species.
The initial product (41) of the cyclization was 
isomerized by heating for ten hours in a 4% solution of
98





kobs X 106 min-1
(b)
Figure 4.1 pH-Rate Profiles for the Lactonization of 
(a) 40 and (b) 44
9 M sulfuric acid in acetic acid to give 3— (2—carboxyl— 
phenyl)-1ft-2-benzopyran— 1—one (42). The rearrangement 
(eq 40) took place via the spiro intermediate (43) that 
was isolated. However, other isobenzofuranones (i.e. 45,
see below) were stable under these conditions. Thus, the 
2 '-carboxyl was necessary to affect the rearrangement 





While only the isobenzofuranone was isolated from the 
lactonization of 40, the isomerization of
2 - (phenylethynyl)benzoic acid (44) gave a mixture of the 
isobenzofuranone (46) and the benzopyranone (47) (eg 41).
44 *=H
4 8  f t -  CO,H
46 * = H45 ■= CO,H
47 6
The product ratio of 46 to 47 was 3, 3, and > 30 for the
lactonization of 44 in ethanol, in 18/82 v/v ethanol/pH 
5.0 buffer, and in acetonitrile, respectively. A kinetic 
study similar to that performed for 40 gave a sigmoidal 
pH-rate profile (Figure 4.1b) centered at the pKh of the 
acid with the maximum rate 3 x 10"6 min-1. This showed 
that cyclization occurred via the anionic form.
The lactonization of 48 (which has a carboxyl sub­
stituent at the 4 ’ position) gave the isobenzofuranone 45, 
exclusively. Because 48 is insoluble at low pH, 16.3/83.7 
v/v ethanol/water was used for the kinetic studies. At 37 
°C, a bell-shaped pH—rate profile with a maximum rate of
7.5 X 10-4 min-1 at pH 4.5 was obtained.
Relative lactonization rates in ethanol for the 
2 '-carboxyl (40), the unsubstituted (44), and the 
4'-carboxyl (48) were 10,000:1:2.6, respectively. The 
large rate increase of 40 compared to 48 was attributed to
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intramolecular general-acid protonation of the incipient 
vinyl anion by the 2 '-carboxyl. The slight increase in 
rate of 48 over 44 was attributed to inductive effects of 
the 4 r-carboxyl. The conclusions from these data were:
(a) the anionic form is the reactive species, (b) elec­
tron-withdrawing groups on the distal phenyl ring increase 
the reaction rate, and (c) that the rate of the reaction 
was not very sensitive to substituent effects.
Recently, kinetic data for intramolecular nucleo­
philic addition in (Z)-2-hepten-4-ynoic acids (eq 42) were 
provided by Struve and Seltzer.83 The orientation and 
spacing of the carboxyl relative to the ethyne were simi­
lar to those of the diarylethynes discussed above. As seen 
in the lactonizations of 2-(arylethynyl)benzoic acids, the 
pH-rate data of 6-acetoxy-(Z)-2-hepten-4-ynoic acid
(49) indicated that the anionic form was the reactive 
species. At 22 °C, a maximum rate of 3.0 x 10-3 min-1 was 
measured for 49, and 7.3 x 10”5 min-1 for 6-hydi—  
oxy-(Z )-2-hepten—4—ynoic acid (50). They suggested that 
the observed 40-fold increase in the lactonization rate of 
49 compared to 50 was 20 times more than was expected on 
the basis of transmission of inductive effects. They con­
cluded that the enhanced lactonization rate for 49 was due 
to through-space polarization of the ethyne by the acetoxy 
carbonyl. They cautioned that these suggestions were 
highly speculative, since their calculations were based on 
only two substituents.
101
V^ , - . - (42)49 R = Ac 
SB R = H
Recently, the palladium-catalyzed cyclization of alk- 
ynoic acids was published100 (eq 43). These cyclizations 
also required a catalytic amount of triethylamine; there­
fore, the reactive species in the lactonization is likely 
the anionic form of the acid. However, because palladium 
is necessary for the reaction, it is unlikely that carfaox- 
ylate attack initiates the reaction. The role of the pal­
ladium is to complex the alkyne, making it more electro­
negative and therefore more susceptible to nucleophilic 
attack. With palladium as the catalyst, the ethyne and 
carboxylate need not be locked in close proximity and 3-,
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2. Results and Discussion
2.1. Lactonizations. The reaction of 25 observed at pH
102
5.3 (30 mmol malate, Ic = 1.0 M, 37 ° C )  is not hydrolysis 
of the acetate. Evidence was provided by monitoring the 
reaction progress with scans of the UV spectrum. The 
final spectrum did not match that of 24. In order to iden­
tify this product, a larger sample was prepared by reflux- 
ing 25 in pH 7.0 buffer (50 mmol phosphate) for two hours. 
The product had an identical UV spectrum to that recorded 
from the experiment at pH 5.3.
This product was assigned the 3-(phenylmethylene)~ 
1(3H)-isobenzofuranone (benzalphthalide) structure,
36, based on the following considerations: The mass
spectrum had a molecular ion with a mass identical to 
25 indicating that 36 was likely an isomer. Com­
pound 36 had a carbonyl stretch at 1790 cm-1 (KBr) that 
was in the range of 1771-1792 cm-1 characteristic of ben- 
zalphthalides.101 The known alternative lactonization 
product, 51, had a carbonyl stretch of 1700 cm-1 
(nujol).102 Additional evidence was provided by a 13C cai—  
bonyl resonance at 166.7 ppm that was within the range of
166.5 to 167.5 ppm characteristic of benzalphthalides.103 
The carbonyl resonances of two
3-aryl-1 -(2W)-benzopyranones104 were 162.0 and 162.6 ppm. 
In addition the *H NMR of 36 contained a singlet at 6.48
103
ppm, which was assigned to the vinyl hydrogen. Also con­
sistent with a lactone structure was the observation that 
no protons of 36 were exchangeable with D 20.
Although previous examples of phenylethynylbenzoic 
acid cyclizations were Known,81 it was anticipated that 
lactonization of 25 would be slow relative to acetate 
hydrolysis. This anticipation was based on an estimated p 
of 0.58+ for lactonization; electron withdrawing groups 
moderately accelerate the reaction. Thus, the lactoniza­
tion rate of 25 at 30 °C was estimated to be 3 X 10“6 
min-1, based a cr- of -0.01 for an ortho acetoxy group.105 
The rate constant for aspirin hydrolysis at 30 °C was 
reported56 to be 4.0 x 10-4min-1. Assuming the rate of 
intramolecular general-base-catalyzed hydrolysis of the 
acetate group in 25 would be comparable to the rate for 
aspirin, lactonization was expected to be at least 110 
times slower than hydrolysis. Even considering the 
20-fold acetoxy-acceleration effect observed by Struve and 
Seltzer,83 lactonization was estimated to be slower than 
hydrolysis.
The measured rate constant of 7.2 X 10-4 min-1 for 
the lactonization for 25 at pH 7.0 (50 mmol phosphate) and 
37 °C represented a 120-fold increase with respect to the
+ Estimate of p = 0.58 for the lactonization of aryl- 
ethynylbenzoic acids in water was made based on the value 
calculated for ethanol/water made by Struve and Seltzer.83 
It should be noted that the number was based on only two 
substituents and therefore is not reliable.
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lact.onizat.ion rate constant for 44 (estimated for 37 °C) 
and with respect to that predicted for 25 using ct~. Since 
Struve and Seltzer had suggested83 that polarization of 
the triple bond by a proximate acetoxy group led to a 
20-fold increase in rate of lactonization for 49, it was 
possible that this was the reason for the enhanced rate 
for 25. In order to test this hypothesis, the rate of 
lactonization of 2-(2-methoxyphenylethynyl)benzoic acid 
(33) was measured.
Under the same conditions as for 25 (pH 7, 50 mmol
phosphate), 33 cyclized to the benzofuranone with only a 
slightly slower rate (2.0 X 10-4 min-1) than 25 (eq 44). 
The product of the lactonization, 3-[(2-methoxy­
pheny 1)methylene]— 1(3H)-isobenzofuranone (52), was iden­
tified by comparing the mp, NMR and 13C NMR with the
values recorded in the literature.116 There was no 
evidence that any pyranone was formed.
The above results are suprising for the following 
reasons: Although a bare vinyl anion is probably not
formed, some anionic character is most likely present in
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■the transition structure. Therefore groups that destabi­
lize negative charge (electron-donor groups) would be 
expected to retard the reaction. For instance, ortho 
methoxy has a cr~ of -0.47. 105 Because the reaction has a 
positive p value,83 lactonization of 25 should proceed 
more slowly than lactonization of 44.
The regioselectivity is also surprising. Because 
lactonization of 44 gave a mixture of benzofuranone and 
benzopyranone products, 33 was expected to react similarly 
or produce benzopyranone exclusively. A substituent capa­
ble of stabilizing a negative charge by resonance can do 
so only if the five-membered ring is formed. This would 
allow the negative charge to be delocalized (Figure 4.2a).
CH,
stabilizing destabilizing
Figure 4.2 Comparison of transition strucures for 
lactonization: (a) five-membered ring,
(b) six-membered ring.
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If a six-membered ring is formed, the substituent, 
would not be on the carbon bearing the negative charge. 
The lone pair of the vinyl anion is orthogonal to the 7r 
electrons of the double bond and therefore cannot be delo­
calized into the substituent (Figure 4.2b). The six-mem- 
bered ring would be preferred if an electron donor was 
present on the distal aromatic ring because the anion 
would be destabilized to a lesser extent than it would if 
the five-membered ring was formed.
To insure that lactonization of 33 to isobenzofuran- 
one 52 was not due to neighboring-group participation by 
the 2 '-methoxy, the lactonization reaction was tested with
2 - (4-methoxyphenylethynyl)benzoic acid (53). The sole 
product isolated after refluxing 53 in 0.2 M phosphate at 
pH 7 for two hours* was identified as 3-[(4-methoxy- 
phenyl)methylene]-1(3tf)-isobenzofuranone (54). Identifi­
cation was made by comparing the mp and *H NMR with litei—  
ature values.106 The carbonyl adsorption at 1784 cm-1 is 
indicative of an isobenzofuranone. No evidence for
3 - (4-methoxyphenyl)-1H-2-benzopyran-1-one,107 which has a 
singlet at S 6.78, was seen in the XH NMR.
* The rate of lactonization for 53 could not be measured 
under the conditions used for 25 due to the insolubility 
of the product in the buffers, however the rate is faster 
than for 44 as no lactones were formed after two hours in 
refluxing 0.05 M phosphate (pH 7.0).
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The substituent effects of functional groups on aro­
matic rings have been separated into field and resonance 
effects by Williams and Norrington.108 The value for the 
field effect of an ortho acetoxy group was determined as 
0.869, and for an ortho methoxy, 0.515.
The formation of isobenzofuranones and the increased 
reaction rate (relative to the unsubstitued acid) in the 
lactonization of arylethynylbenzoic acids with a methoxy 
or acetoxy in the 2 ' — or 4 ’-positions implies that these 
substituents are acting as electron-withdrawing groups 
(i.e. <r > 0) in this reaction. This would be the case if 
the distal phenyl ring bearing the methoxy or acetoxy is 
coplanar v.’ith the lactone ring that is forming in the 
transition structure. In this conformation the 7r orbitals 
of the aryl ring could not overlap with the incipient 
vinyl anion, and the inductive effect of methoxy would 
therefore be transmitted through the v framework. This 
would be a more stable intermediate than would be the case 
if the six-membered transition structure was formed, and 
therefore dictates the pathway of the reaction.
2.2. X-ray crystal structures of arylethynylbenzoic 
acids. The study of interactions between neighboring 
functional groups can shed light on the early stages of 
chemical reactions. The interaction between adjacent
nucleophilic and electrophilie centers often distort the 
groups from the ground-state geometries seen in nonintei—
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acting counterparts. These perturbations can be thought 
o£ as mimicking the incipient reaction where the reactants 
close and begin structural reorganization.
Dunitz and co-workers109 made extensive use of crys­
tal structures to quantitate the bending of carbonyls as a 
function of distance and angles of nucleophiles. The dis­
tance (A) of the carbonyl carbon from the plane of its 
three substituents was plotted as a function of the dis­
tance idi) from the nucleophile to the carbonyl carbon. A 
smooth curve was obtained for A/-nucleophiles with A 
increasing more sharply as d x decreased. Although O-nu—
cleophiles produced a more scattered plot, an increase in 
A with a decrease in d t was observed. The deviation of 
the carbonyl from planarity was about three times larger 
for nitrogen than for oxygen nucleophiles in the range of
2.5 < di <, 3.0 A.
An interaction between the carboxyl and the triple 
bond would be manifested as a bending of the C-C=C bonds.
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(See Figure 4.3) The type of bend (cis or trans) would be 
determined by the type of addition (syn or anti). A trans 
bending would lead to an anti addition product whereas 
cis bending would give a product resulting from syn addi­
tion. The C-C=C angle adjacent to carboxyl would be bent 
away from the carboxyl on the pathway to the furanone but 
toward the carboxyl on the reaction pathway in the pyra- 
none formation.
Figure 4.3. Interactions between the carboxylate and the 
ethyne leading to (a) an isobenzofuranone and (b) a 
benzopyranone.
The crystal structures of 33, 24, and 25 have been 
examined to find evidence of such an interaction between 
the carboxyl and ethynyl bond, and to provide an 
insight into their reactivity. First, the overall struc­
tures of these molecules will be discussed followed by an 
analysis of this interaction and a comparison with other 
crystal structures of diarylethynes.
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2 - (2-Hydroxyphenylethynyl)benzoic Acid, 24 The crystal 
structure (Figure 4.4) of 24 shows all atoms are nearly 
coplanar. A small torsion angle of 7.1° is formed between 
the two aromatic planes and the ethynyl bond connecting
the rings has a trans kink (C7-C8-C9 173.8°; C6-C7-C8
171.5°). The carboxylate is slightly twisted out of the
plane of the phenyl ring to which it is attached
(C9-C14-C15-02 -2.5°); the hydroxy group has essentially 
the same twist (C6-C1 —01-HO 1 -2.7°).
Figure 4.4. ORTEP drawing of
2-(2-hydroxyphenylethynyl)benzoic acid.
A hydrogen bond between the hydroxyl hydrogen and the 
carbonyl oxygen of the carboxylate locks these groups in a 
syn conformation. This ten-membered ring intramolecular 
hydrogen bond has some features in common with its inter- 
molecular counterparts.110 The hydrogen bond distance
111
(H01—02) of 1.95 A, the 01-02 distance of 2.84 A and the
01—H 0 1-02 angle of 162.7° are all consistent with the cri­
teria established for strong hydrogen bonding. The hydro­
gen bond forms a 154.1° angle with the carbonyl bond and a 
13.1° torsion angle about the carbonyl bond 
(C14-C15-02-H01).
2 - (2-Hethoxyphenylethyny1)benzoic acid, 33 In the crys­
tal structure (Figure 4.5) of 33 (which does not form an 
intramolecular hydrogen bond) the methoxy and carboxyl 
groups are in an anti conformation. A torsion angle of
11.1° is formed by the planes of the aromatic rings with 
the ethynyl bond linking them, again having a trans kink 
(C6-C7-CS 175.3°; C7-C8-C9 175.2°). The methoxy and car­
boxyl are twisted by similar amounts out-of-plane of the 
aromatic rings to which they are attached (C2- C 1-01- C 16 
10.1°; C 13-C14 -C15-03 10.2°) giving the molecule a pseudo­
axis of symmetry between C7 and C8 , which is perpendicular 
to the best plane of the aromatic rings.
2 - (2-Acetoxyphenylethyny1)benzoic Acid, 25 The confoi—  
mation of the diarylethyne backbone in the crystal struc­
ture (Figures 4.6a and 4.6b) of 25 is directed by an 
intramolecular interaction between the carbonyl oxygen 
(02) and the acetoxy carbonyl carbon (C16). The acetoxy 
group is twisted approximately 85° out-of-plane of the 
aromatic ring with the carbonyl bond nearly eclipsing the 
C—0 bond of the phenol (C 1-01- C 16-04 -1.3°). The carboxyl
Figure 4.5. ORTEP drawing of
2-(2-methoxyphenylethynyl)benzoic acid.
is twisted 31° out-of—plane of the aromatic ring to which 
it is attached and lies nearly on a plane bisecting the 
carbonyl of the acetate. A distance of 4.2 A separates 02 
and C16 with the line between them forming an angle of 
149.6° with the carbonyl bond of the carboxylate. The 
C 16-02 vector forms an angle of 125.3° with the carbonyl 
of the acetate.
2.3. Discussion of X-ray results. In the lactonization 
of the arylethynylbenzoic acids discussed above, five-mem- 
bered rings are formed as the sole products. The X-ray 
structures of all three compounds show the C-C=C is dis­







Figure 4.6 (a) ORTEP and (b) Perspective drawings of 
2-<2-acetoxyphenylethyny1 )benzoic acid.
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that these compounds may be predisposed to cyclize to iso- 
benzofuranones.
As stated above any interactions between the carboxyl 
and ethyne on the pathway to lactonization products would 
be manifested as a bending of the C-C=C bonds. As the 
isobenzofuranone is the only product observed, the bending 
of the adjacent C-C=C will be away from the carboxyl and 
should be an overall trans bend since the product is an 
anti addition product. While this bending is observed 
in 33 and 24, factors other than interactions with the 
carboxyl may be involved in the distortion of the ethyne 
bond angles. The adjacent C-C=C of 25 is also bent away 
from the carbonyl; however, the carboxy1-carbonyl interac­
tion bends the distal C-C=C out-of-plane of the benzene 
ring.
The ethyne linkage is the most bent in 24. This may 
be in part due to the hydrogen bond between the carboxyl 
and the phenol pulling the two aryl rings closer together. 
The ethyne bridge may be further distorted by a hydrogen 
bond between the ethyne and the phenol. Such a hydrogen 
bond in 2-(phenylethyny1 )phenol111 has been demonstrated 
by IR spectroscopy.
The bending of the ethyne bridge of 25 is influenced 
by the interaction between the carboxyl and acetate carbo­
nyl. In order for the carboxyl lone pair to be oriented 
toward the acetate carbonyl, the ethyne bridge must be
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bent out-of-plane of the aryl ring bearing the carboxylic 
acid. Indeed, the C8-C9-C14-C15 torsion angle is -10.4°, 
indicating that the sustituents are bending away from 
each other.
Of the three acids, only 33 is free of interactions 
across the bridge which could influence the bending of the 
ethyne. In 33, the bend in the bridge is symmetrical; 
each C-C=C bond angle being about 4.8° from linearity. 
This corresponds to a 0.064 A displacement of C9 from the 
line through C8 and C10.
A determination must be made of how much bending of 
the ethyne bridge is due to the interaction with the car­
boxyl and how much distortion is due to crystal packing 
forces. This can be estimated by examining X-ray struc­
tures of other diarylethynes. Table 4.1 gives the criti­
cal bond lengths and bond angles for all diarylethynes 
whose structures have been determined. The crystal of 
compound H was disordered; the R factor (0.15) is too high 
for the data to be reliable.
The bridge in diphenylethyne is not completely lin­
ear, the bend being close to average for symmetrically 
substituted ethynes A-C. Ethynes A and B are symmetric and 
have almost identical C-C=C bond angles. Octafluorodiphe- 
nylacetylene (C) is not symmetric; however, the average of 
the two angles is close to that of A and B. Thus the 
average C-C=C bond angle for a symmetrically substituted 
diarylethyne is ca. 178.2°.
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Table 4.1 Comparison of Ethynyl Bridge in Diarylethynes
Bond Lengths (A) Bond Angles (deg)
RC7-C8 C8-C9 C7-C8-C9 C6-C7-C8
24 1.198(3) 1.433(3) 173.72(20) 171.46(20) .045
33 1.205(4) 1.427(4) 175.28(30) 175.28(28) . 039
25 1.189(5) 1.449(5) 174.36(40) 178.64(39) . 051
A 1.198(3) 178.1(2) 178.1(2) .061
B 1 .200 178.2(4) 178.2(4) . 057
C 1.198(5) 1.415(6) 179.5(4) 177.7(5) . 053
av 178.3
D 1 . 190 1 .437 177. 0 176.7 . 043
El 1.179(9) 1.442(7) 178.7(7) 174.8(7) . 065
E2 1.189(10) 177.0(7 ) 177.2(7)151 1.168(19) 1.446(20) 178.8(1.1) 177.0(1.5) . 034
av 177.8
G 1 . 190 1 .439 176. 0 179.8 . 08
H 1 .205 1 .427 174.6 176.2 . 15
1.218 1 .460 169.4 175.9
A 1,1— (1,2-ethyndiy1)bisbenzene 
B bis(3-chloropheny1)acetylene 
C octafluorodiphenylacetylene 
D 2- (pheny lethyny 1) —N, /f-dimethylani 1 ine






Diarylethynes D-F have substituents, which are larger 
than carboxyl, ortho to the ethyne bridge; however, the 
C-C=C adjacent to the ortho substituent is less bent than 
that of the arylethynylbenzoic acids. A hydrogen of a 
methyl in D is only 2.39 A from the adjacent ethyne cai—
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bon, which is remarkably short for an intramolecular 1,6 
C-H interaction. The C - O eC bond angle adjacent to the 
aryl ring with the substituent is 177.0°. Even larger 
ortho groups are present in E and F, but the C-C==C angles 
are nearly the same as for D. Thus, if the average C-C=C 
bend proximal to an ortho group is 177.8°, the C=C—C bend 
in 33 due to the non—steric interaction of the carboxyl 
would be an additional 2.5°.
The bending of the C-C=C bonds of 33 resulted in a 
0.064 A displacement of the center carbon from the line 
drawn between the end carbons; the 2.5° bending resulting 
from the interaction with the carboxyl is responsible for 
0.032 A of this displacement. The distance from carboxyl 
oxygen 02 to carbon C9 is 2.73 A. A displacement of 0.032 
A is similar to the displacement of carbonyl carbons from 
the plane of their ligands by interactions with carboxyls 
at similar distances.109
2.4. Theoretical predictions regarding the angle of 
attack on alkynes by nucleophiles. Baldwin proposed113 
that an attacking nucleophile would approach an alkyne 
with an Nu-C=C angle of 60° as shown in Figure 4.7. This 
proposal was made on the assumption that the angle of the 
attack for the nucleophile should be the same as the bond 
angle in the product.
Recently Houk et a l .112 published a theoretical study 
of the addition of hydride to alkynes. They predicted an
Figure 4.7 Angle of nucleophilic attack on ethynes.
approach of the nucleophile that was different from that 
proposed by Baldwin.113 In this model the angle formed 
between the nucleophile and the C=C bond was 127°. This 
is resonable because the LUMO of the alkyne is oriented 
in this direction.
2.5. Comparison of X-ray results with theoretical pre­
dictions. In the structures of 33 and 24, the anti lone- 
pair of the carboxyl is oriented directly at the C=C bond. 
This places the carbonyl oxygen (vdW radius, 1.40 A)+ and 
ethynyl carbon C9 (vdW radius, 1.78 A) II within the sum of 
their vdW radii (Table 4.2).
In Table 4.2, the distances of the carbonyl oxygen 
from each of the ethynyl carbons and the angle formed 
between these atoms are shown. The angle between the car­
bonyl oxygen and the distal ethynyl carbon is close to 
that predicted by Baldwin.113 Attack at this carbon will
I The vdW radius for a carbonyl oxygen parallel to the
plane of the carbonyl.
II The vdW radius of a carbon-carbon triple bond was cal­
culated based of the intermolecular contact distances 
in the crystal structures of carbides.
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Table 4.2 Distances of Carboxyl Oxygen from the Ethynyl 
Carbons and C=C— 0 Angles in Arylethynylbenzoic Acids.
O
d
d i (A) oc (deg) B (deg) d z (A) 7 (deg)
33 2.751 1 03.5 81 .2 3.251 55.4
24 2.778 104.8 81.4 3.295 54.6
23 2.819 105.4 78.9 3.339 54.5
lead to the pyranone; however, this product is not 
observed in these cyclizations and is a minor product in 
the case of 44.
On the other hand, all that needs to be done to reach 
the transition structure predicted by Houk is to bend the 
C-C=C bond 20° while moving the oxygen and carbon slightly 
closer together. The facile lactonizations of the aryleth­
ynylbenzoic acids suggest that their stuctures lie on the 
reaction coordinate to formation of the furanones.
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The carboxyl lone—pair of 25 is directed toward the 
carbonyl of the acetate. This indicates that any carboxyl- 
ethyne interaction is weaker than a carboxyl-carbony1 
interaction, despite the acetate carbonyl being 1.6 A 
farther away. The dominance of the carboxy-carbony1 
interaction is due to the acetoxy carbonyl being more 
polar than the ethyne.
3. Conclusions
The interaction between the carboxylate and the eth— 
yne bridge in the diarylethyne models leads to interesting 
chemistry. Substituent effects on lactonization are con­
trolled by induction and not resonance. The mechanistic 
chemistry can be understood in terms of previous theoreti­
cal predictions. Examination of the X-ray structures has 
provided further support for the observed regiochemistry.
The unexpected facility of the lactonization limits 
the usefulness of these models for general-base catalysis 
studies to reactive esters. This lactonization reaction
also imparts limitations on future models. Any bridging 
group used to link the diaryls to stop rotation about the 
ethyne bridge cannot be electron withdrawing by induction.
A solution to this problem would be the stereolo- 
gous115 dinapthylethyne models (55). This would remove 
the carboxylate from proximity to the ethyne while con­








4.1. Materials. See Chapter Two for general synthetic 
procedures and sources of reagents.
(Z) -3- [ (2-Acetoxyphenyl) methylene] -1 (3//)-isobenzefuranone, 
(36). A solution of 25 (70 mg, 0.25 mmol) was refluxed at 
pH 7.0 for 1 h. After the mixture was cooled, the white 
solid (61 mg, 81%) was filtered, washed with water, dried, 
and recyrstallized from benzene: mp 105-106.5 °C; NMR
200 MHz (CDC13) 2. 2.38 (s, 3 H, 0C0CH3) , 6.48 (s, 1H,
vinyl), 7.10-8.05 (m, 7 H, krH), 8.20-8.41 (m,1 H, hrH);
13C NMR (CDC13 ) 2, 21.0 (ZH3), 99.3 (=TH-Ar), 119.9, 122.4,
125.7, 126.5, 129.3, 130.1, 131.4, 134.5, 140.4, 145.7,
148.5, (aromatics), 166.7 (furanone <7=0), 169.0 (acetate
C=0); IR (KBr): 1790 (furanone C=0), 1748 (acetoxy C=0)
cm”1; MS m/e (rel intensity): 280 (M+, 9.3), 281 (M+ + 1,
1.6), 239 (14.8), 238 (100), 220 (15.8), 181 (18.7), 153
(10.3), 152 (21.8), 104 (20.0), 77 (11.2), 76 (14.2).
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Anal. Calcd for C i 7H i 20 4 • *sHzO : C, 70.58; H, 4.53. Found: 
C, 70.53; H, 4.23.
high-resolution MS: Calcd for CiyHizO* 280.0736; Measured 
280.0745.
(Z)-3- [ (2-Methoxyphenyl ) methylene] -1 (3//) -isobenzof uranone 
(52). A solution of 33 (100 mg, 0.40 mmol) was heated at 
reflux in 0.2 M phosphate buffer (pH 7) for 2 h. The 
product (85 mg, 85 %) was collected by filtration and 
washed with water: mp 152.5-154 °C (lit.116 mp 157-159
°C); IR (KBr) 1772 (C=0) cm"1; »H NMR S. 6.98 (s, 1 H,
vinyl).
Methyl 2 - (4-Methoxyphenylethyny1)benzoate (56). Copper (I) 
4-methoxyphenylethynide was prepared (88%) from
4-methoxyphenylethyne117 (400mg, 3.0 mmol) by the same
procedure as copper(I ) 2-methoxyphenylethynide. The cop­
per ethynide (525 mg, 2.70 mmol) was coupled with methyl
2-iodobenzoate (706 mg, 2.70 mmol) by refluxing in pyi—  
idine for 10 h. The pyridine was removed in vacuo, Et20 
added and the reaction filtered to remove the Cul. After 
drying (MgSO*), the ether was removed and the product 
purified by Kulgelrohr distillation (120 °C, .01 torr) to 
give 280 mg (1.05 mmol, 40%) of 56. A sample for elemen­
tal analysis was recrystallized from cyclohexane, yielding 
a white solid: mp 70.5-72.5 °C; 1H NMR 100 MHz (CDC13) 8
3.81 (s, 3 H , C=0-C//a), 3.85 (s, 3 H , Ar-0 C//3 ) , 6.88 (d, J  =
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9.0 Hz, 2 H, H lltH l3'), 7.50 (d, J = 9.0 Hz, //,0>W m ) ,  7.75 
(m, 3H, H 3 — 5) , 7.91-8.02 (m, 1 H, H 6) ; MS m/e? (relative
intensity): 266 <M+, 100), 251 (94.2), 223 (53.3), 163
(46.2).
Anal. Calcd for Ci7H 1A0 3 : C, 76.66; H, 5.30. Found: C,
76.58; H, 5.56.
2 - (4-Methoxyphenylethynyl)benzoic Acid (53). A mixture of 
56 (100 mg, 0.38 mmol) and K 2C03 (150 mg, 1-1 mmol) in 
MeOH (10 mL) and H z0 (10 mL) was stirred at 25 °C for 36 
h. After acidification, the product was filtered as a 
white powder (80 mg, 84%) and recrystallized from cyclo- 
hexane: mp 122-125 °C; JH NMR 100 MHz (CDC13) S 3.89 (s,
3 H , 0CH3), 6.80-7.80 (m, 7 H, Artf), 8.05-8.15 (m, 1 H,
Artf); MS m/e (rel intensity): 252 (M+, 100), 237 (42.9),
209 (51.5), 163 (46.2), 152 (36.0).
Anal. Calcd for Ci6Hi20 3 : C, 76.18; H, 4.79. Found: C,
75.85; H, 4.80.
(F) -3— [(4-Methoxyphenyl)methylene]-1(3F)-isobenzofuranone
(54). A solution (pH 7, 0.05 M phosphate) of 33 (25mg, 0.1 
mmol) was refluxed for 2 h. The product was filtered to
give a light yellow-green solid (20 mg, 80%): mp 145-147
°C (lit.118 mp 147.5-148); IR (KBr) 1784 (C=0) cm“1.
4.2. Kinetics. The rates of lactonization
of 25 and 33 were measured at 37 °C in 0.05 molar phos­
phate buffer at pH 7.0. Rate constants were calculated 
from data measured at 350 nm. Stock solutions of the
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reactants were prepared in dioxane at a concentration of 
ca. 10"2 M and added to 3 mL of buffer to give a final 
concentration of 10"4-10_s M. See Chapter Three for 
details on instrumentation and calculation of k0bs .
Table 4.3 Observed Rate Constants 
for Lactonizations at 37 °C in 0.05 
M Phosphate Buffer at pH 7.0.
Run 25 33
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1 4-Nitropheny1 acetate OtW—^  ^-O—C—CM,
O . H - T t-O-C-CH,2 Tetrahedral intermediate \— / IO — C— CH,
I
3 4-Nitrophenoxide oti
f S4 Acetic Anhydride CHj-C-O—c—CH,
5 Ethyl Dichloroacetate CHCtjC — OEi
O*ICHCI,C -OEt
6 Tetrahedral intermediate ***
138









12 2-Acetoxybenzoic Acid (Aspirin) ®
O-C-CH,
13 Aspirin Anion
14 Aspirin Orthoester Anion
139
15 Salicylate Anion c£
—̂ « V
N.
16 '«- (jD-Ni trobenzoyl) amino-oc-toluic
V
* O NO,
17 Azalactone Anion s
NO,*
18 Aspirin Hemi-Orthoester 0 6 i r






22 2-Dichloroacetoxybenzoic Acid (Dichloroaspirin)
140
0' V V ^ > H
1Q C - c - c h ,






0 ’ c sc “ 0
OtH
C S C
26 2- (2-Dichloroacetoxyphenylethynyl)benzoic Acid
CO£H, OCH,
g ~ g
27 Methyl 2 - (2-Methoxyphenylethynyl)benzoate
 PCH,
28 2-Methoxyphenylethyne
29 Methyl 2-Iodobenzoate d ~
CO,CH,
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C O jC H j











: h ,  o c h ,
35 Bis(2-methoxyphenyl)butadiyne CĤ COj
> - ~ - o
,o




37 Bridged Diarylethyne Model 'V/W'vP ^





0 - ” e- O
40 2- (2-Carboxylphenylethynyl) benzoic Acid H0,C





44 2-CPhenylet.hynyl / - C ' "  / = \) benzoic Acid &  CSC— ^
CO,H
45 o





3 ~ c* c' ^ O ~ c0,h
48 2— (4—Carboxylphenylet-hyny 1) benzoic Acid
A .
X p a c
49 (Z)-6-Ace‘toxy-2—hepten—4—ynoic Acid






r v c c \ //-och«
53 2-(4-Methoxyphenylethynyl)benzoic Acid
G -
r Q r "






'C~C~ \ J ~ CCH-
56 Methyl 2 - (4-Methoxyphenylethynyl)benzoate
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